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Abstract 


-3{A  study  wai  made  to  determine  the  effect  of  target  maneu¬ 
vering  during  projectile  flight  time  on  kill  probability  in 
air-to-air  gunnery.  The  effect  of  target  uncertainty  was 
analyzed  by  comparing  kill  probabilities  for  a  specified  non¬ 
maneuvering  target  with  kill  probabilities  for  an  average 
defensively  maneuvering  target.-N  -The  kill  probability^  of  the 
average  maneuvering  target -was /defined  as  the  average  kill 
probability  for  the  specified  >target  when  performing  a  nega- 
tive-g  jink,  hard  turn,  and  brealcN^  The  kill  probabilities 
were  calculated  using  a  mathematical  model  to  approximate  the 
gunnery  attack.  Firing  conditions  v/ere  parametrically  varied 


from  500  fe£t  to  3000  feet  line  of  sight  range  and  zero  to 
45  degrees  angle-off.  Two  dissimilar  rapid  firing  cannons 
are  compared  in  the  analysis . ^  Kill  probability  was  based  on 
trackshoot  aiming  when  nhe  attacker's  g-loading  to  establish 
lead  for  target  motion/was  5*6  g's  or  less,  and  snapshoot 
aiming  when  greater,  pttt  was  concluded  that  target  uncer¬ 
tainty  has  no  effect  on  kill  probability  when  the  time  of 
flight  is  less  than  .5  seconds,  but  that  it  significantly 
affects  kill  probability  when  the  time  of  flight  is  greater 
than  ,8  seconds.  It  was  also  concluded,  that  for  air-to-air 
gunnery,  the  ballistic  dispersion  of  rapid  firing  cannons 
should  be  such  that  80  percent  of  the  rounds  are  within  a 
circle  of  nine  to  ten  mils  diameter. 
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THE  EFFECT  OF  TARGET  MANEUVERING 
ON  KILL  PROBABILITY  IN  AIR-TO-AIR  GUNNERY 

I.  Introduction 

In  this  study,  the  effect  that  a  defensively  maneu¬ 
vering  fighter  aircraft  has  on  the  probability  of  kill  in 
air-to-air  gunnery  is  analyzed.  The  attempt  is  made  to 
include  in  the  analysis  the  pilot  techniques  used  in  making 
a  gun  attack  and  those  used  to  avoid  being  hit. 

A  mathematical  model,  which  calculates  the  probability 
of  kill  (Pk)»  is  used  in  the  analysis  to  describe  the  aerial 
gunnery  engagement.  The  model  is  a  combination  of  govern¬ 
ing  equations  of  motion,  functional  and  geometric  relation¬ 
ships  and  probability  theory. 

The  model  calculates  the  kill  probability  for  a  one 

second  burst  against  a  non-maneuvering  target  and  for  the 

same  target  making  three  violent  defensive  maneuvers.  The 

probability  of  kill  for  the  average-maneuvering  target 

(PKAy)  is  defined  to  be  the  average  of  the  kill  probabilities 

for  the  three  defensive  maneuvers.  The  decrease  in  kill 

probability  due  to  target  maneuvering  is  the  difference 

between  the  kill  probability  for  the  non-maneuvering  target 

/ 

t 

I 
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and  the  average-maneuvering  target.  This  difference  is  used 
to  measure  the  effect  of  target  maneuvering  on  kill  proba¬ 
bility  in  air-to-air  gunnery. 

The  decrease  in  P^  is  found  for  two  guns  fired  from 
various  line  of  sight  ranges  and  line  of  sight  angles  to 
the  target  at  5000  feet  pressure  altitude. 

In  addition  to  determining  the  decrease  in  kill 
probability  due  to  .target  maneuvering,  an  investigation  is 
made  into  the  ballistic  dispersion  which  produces  the  over¬ 
all  highest  Pjt  for  the  various  angles-off  and  ranges.  An 
effort  is  made  to  quantitatively  describe  the  relative 
effectiveness  of  the  three  defensive  maneuvers  in  decreas¬ 
ing  Pk  as  a  function  of  the  attacker* s  relative  position. 

The  relative  position  is  also  analyzed  from  the  attacker's 
point  of  view.  That  is,  for  a  given  range  what  angle-off 
produces  the  highest  kill  probability  against  a  maneuvering 
target? 

The  mathematical  model  used  in  this  study  was  provided 
by  the  Optimization  Branch,  Analysis  Division,  Air  Force 
Armament  and  Test  Laboratory  (AFATL),  Eglin  AFB,  Florida, 

The  model  is  named  the  Gun  Design  Model  (GDMOD)  and  was 
developed  by  Mr.  Hal  Smith  of  the  Optimization  Branch. 

He  originally  developed  the  model  to  isolate  gun  design 
problems  from  fire  control  mechanization  and  related 
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encounter  problems.  It  is  written  in  Fortran  language  for 
use  on  the  Control  Data  Corporation  6600  computer. 

The  GDMOD  originally  included  only  the  prediction 
errors  common  to  an  aircraft  attacking  a  co-airspeed,  co¬ 
altitude,  and  non-maneuvering  target.  The  model  was  mod¬ 
ified  by  this  author,  through  the  addition  of  a  target 
uncertainty  subroutine,  so  that  prediction  errors  for  a 
maneuvering  target  are  considered.  Other  modifications 
included  a  different  interpretation  to  the  offset  of  the 
fire  line  from  the  target  and  the  weighting  of  various 
factors  so  that  one  overall  Pk  is  calculated  for  each  firing 
burst  rather  than  several  average  P^’s. 

In  making  the  different  interpretation  to  the  offset 
of  the  fire  line,  this  author  has  attempted  to  account  for 
the  way  in  which  pilots  use  gunsights  as  an  approximate 
rather  than  a  precise  reference  for  aiming  guns  in  air-to- 
air  combat. 

A  number  of  more  minor  modifications  were  also  made  to 
the  model.  Most  are  noted  in  the  text  of  this  study,  but 
some  are  containe_  only  in  the  program  listing,  which  can 
be  found  in  Appendix  D.  Although  the  Gun  Design  Model  is 
the  original  work  of  Mr.  Smith,  it  is  thoroughly  explained 
in  this  study  since  it  has  not  been  documented  elsewhere. 
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The  documentation  here  has  “been  done  both  with  his  permis¬ 
sion  and  advice;  however,  this  author  assumes  the  sole 
responsibility  for  any  errors  contained  in  this  study. 

Background 

There  are  two  basic  approaches  to  predicting  the  out¬ 
come  of  a  fighter  versus  fighter  combat  engagement.  The 
earliest  efforts  used  probability  theory  to  predict  kill 
probability.  Conditional  probabilities  were  calculated  for 
a  host  of  items  such  as;  Given  two  fighters,  v/hat  is  the 
probability  that  one  will  achieve  a  maneuvering  advantage 
over  the  other?  Given  that  one  does,  what  is  the  probability 
that  he  will  achieve  a  position  in  which  he  can  fire  his 
guns  at  the  other  target;  and  if  he  fires  his  guns,  what  is 
the  probability  that  he  will  hit  the  target,  etc? 

More  recently,  efforts  have  been  made  to  simulate  the 
air-to-air  combat  engagements  on  high  speed  digital  com¬ 
puters,  Optimization  techniques  using  game  theory  and 
varational  calculus  techniques  on  the  governing  equations 
are  being  used  to  find  optimum  tactics  and  to  study  cost- 
effectiveness  as  well  as  design  trade-offs  for  weapon 
systems. 

Achieving  realism  has  been  particularly  elusive  in  air- 
to-air  combat  studies  and  analysis.  The  difficulty  is  that 
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the  number  of  variables  involved  are  so  numerous  and  so 
interdependent  ns  to  defy  precise  description. 

This  study  uses  a  combination  of  the  two  basic  ap¬ 
proaches.  That  is,  random  variable  relationships  (one'  to 
one  correspondance )  and  probability  theory  are  combined  with 
governing  equations  and  functional  relationships  into  a 
mathematical  model  that  approximates  the  portion  of  an  aerial 
combat  engagement  where  the  guns  of  one  aircraft  are  being 
fired  at  another. 

Purpose 

The  purpose  of  this  study  is  (1)  to  determine  the 
decrease  in  kill  probability  due  to  target  uncertainty 
during  the  flight  time  of  the  projectiles  fired  from  rapid 
firing  cannons  in  air-to-air  combat,  (2)  to  determine,  for 
a  particular  gun,  the  ballistic  dispersion  that  produces 
the  highest  value  of  kill  probability  against  a  maneuvering 
target,  (3)  to  determine  the  relative  effectiveness  of 
presently  accepted  defensive  air  combat 'maneuvers  in  de¬ 
creasing  kill  probability,  and  (4)  to  determine  the  offen¬ 
sive  positions,  relative  to  the  target,  which  produce  the 
highest  kill  probability. 
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Scope 

This  study  is  limited  to  computing  the  decrease  in  kill 
probability  due  to  target  motion  during  the  flight  time  of 
the  projectile.  The  initial  conditions  in  the  model  place 
the  attacker  co-airspeed  and  co-altitude  with  the  target. 

Kill  probability  is  calculated  both  for  the  target  continuing 
in  straight  and  level  flight  and  for  the  target  as  it  per¬ 
forms  three  violent  defensive  maneuvers. 

Kill  probabilities  for  a  particular  target  are  cal¬ 
culated  for  two  guns  having  the  same  firing  characteristics, 
but  differing  in  projectile  muzzle  velocity  and  aerodynamic 
drag  coefficient.  Results  are  obtained  for  ballistic  dis¬ 
persions  of  two,  four,  six,  and  eight  mils;  line  of  sight 
ranges  of  500,  1000,  1500,  2000,  2500,  and  3000  feet;  and 
line  of  sight  angles-off  of  0,  15,  30,  and  45  degrees. 
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II.  Air -to -Air  Gunnery  Considerations 

The  purpose  of  this  chapter  is  to  provide  the  reader 
with  a  general  understanding  of  the  factors  and  parameters 
of  air-to-air  gunnery  that  are  represented  in  the  math- 
matical  model.  The  chapter  is  written  from  a  user’s  point 
of  view  with  the  purpose  of  providing  the  reader  v/ith  clear 
reasons  for  the  choice  of  parameters  used  in  this  analysis. 
To  some,  the  contents  of  this  chapter  will  he  obvious  con¬ 
siderations;  to  the  others  for  whom  the  chapter  is  written, 

I  trust  it  will  be  enlightening. 

General  Situation 

In  general,  the  outcome  of  an  aerial  combat  engagement 
between  fighter  aircraft  xs  determined  by  (1)  the  number 
and  types  of  aircraft  involved,  (2)  the  offensive  and  defen¬ 
sive  tactics  used  by  opposing  sides,  and  (3)  the  maneuvers 
used  by  individual  aircraft  to  provide  mutual  support  to 
each  other  while  attempting  to  gain  an  offensive  advantage 
over  an 'enemy  aircraft.  The  term  offensive  advantage  means 
a  relative  position  from  which  it  is  possible,  through  more 
maneuvering,  to  launch  a  missile  or  to  fire  a  burst  from  a 
cannon  at  the  target. 

| 

I 
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In  this  study,  it  is  assumed  that  such  a  position  has 
been  achieved.  That  is,  the  attacking  aircraft  has  not 
only  achieved  an  offensive  advantage,  but  has  maneuvered 
into  a  position  where  the  pilot  can  fire  a  lethal  burst  from 
his  gun  at  the  target. 

Defensive  Maneuvering 

If  the  pilot  in  the  target  aircraft  is  aware  of  the 
presence  of  the  attacking  aircraft,  he  will  naturally  make 
a  violent  maneuver  with  his  aircraft  to  prevent  being  shot 
down.  There  are  a  number  of  defensive  "last  ditch"  maneu¬ 
vers  which  could  be  classified  as  "most  violent;"  however, 
the  two  common  ones  are  the  break  and  the  negative-g  jink. 

Break.  In  making  the  most  common  type  of  break  the 
pilot  pulls  the  control  stick  full  aft  and,  depending  upon 
the  aircraft,  pushes  it  either  to  the  right  or  to  the  left, 
or  keeps  it  centered  and  uses  full  rudder  deflection  to  roll 
the  aircraft,  or  uses  both.  The  resulting  maneuver  is  a 
tight  evasive  turn.  The  pilot  may  also  pull  the  throttle  to 
idle  and  put  out  the  speed  brake  in  ar.  attempt  to  force  the 
attacker  to  overshoot  the  flight  path.  However,  the  primary 
purpose  of  the  break  maneuver  is  to  avoid  being  hit  by 
projectiles  from  the  attacker's  gun  and  to  prevent  the 
attacker  from  tracking  with  his  gunsight. 


GAW/foC/72-9  : 

The  break  maneuver  is  represented  :Ln  the  model  by 
giving  the  target  a  roll  rate  (PHIDOT)  of  90  degrees  per 
second  and  a  g-loading  rate  (GLFDOT)  of  six  g*s  per  second. 

The  g-loading  rate  is  maintained  until  the  target  has 
attained  a  g-loading  (GLFI)  of  7.0  g's,  which  is  approxi¬ 
mately  the  operating  limit  for  most  USAF  fighter  aircraft. 

The  roll  rate  is  continued  throughout  the  maneuvering  time 
of  flight.  Although  higher  roll  rates  can  be  achieved  in 
fighter  aircraft,  90  degrees  per  second  is  the  approximate 
roll  rate  for  a  break. 

Negative-g  Jink.  In  making  the  negative-g  jink  the 
pilot  rapidly  pushes  the  control  stick  forward.  Some  amount 
of  left  or  right  roll  may  also  be  used  as  the  stick  is 
pushed  forward,  A  couple'  of  seconds  later,  the  control 
stick  is  pulled  aft  and  a  roll  in  the  opposite  direction  is 
made.  The  resulting  maneuver  is  called  jinking.  Its  purpose 
is  to  cause  the  attacking  aircraft  to  get  out  of  phase  as 
the  pilot  tries  to  follow  the  maneuver  and  to  prevent  him  from 
tracking  the  target. 

Because  of  the  short  flight  time  involved,  only  the 
Initial  part  of  the  jinking  maneuver  is  represented  in  the 
mathematical  model.  This  maneuver  is  represented  by  giving 
the  target  a  negative-g  loading  rate  (GLFDOT)  of  minus  two 
g*s  per  second.  The  g-loading  rate  is  maintained  until  the 

i 
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target  has  attained  a  g-loading  (GLFI)  cf  three  negative  g's, 
which  is  the  operating  limit  for  most  USAF  fighter  aircraft. 
No  roll  rate  is  given  to  the  target  model  for  this  maneuver, 
because  a  zero  roll  rate  negative-g  jink  followed  by  a  break 
is  more  effective  than  a  rolling  negative-g  jink  followed 
by  a  break  in  the  opposite  direction,  since  the  pilot  in  the 
target  aircraft  is  not  "telegraphing"  to  the  attacker,  which 
way  he  is  likely  to  roll  next. 

Hard  Turn.  One  of  the  cardinal  rules  of  flying  in  air- 
to-air  combat  is  that  one  always  turns  into  the  attacker. 

The  reason  is  to  create  a  high  angle-off  so  that  the  attacker 
is  forced  into  shooting  from  a  large  deflection  angle,  which 
is  very  difficult  to  do.  An  equally  important  reason  for 
turning  into  the  attack  is  to  keep  the  attacking  aircraft 
in  sight.  By  turning  into  the  attack,  the  pilot  in  the 
target  aircraft  can  keep  the  attacker  in  sight,  and  unless 
the  attacker  is  careful,  the  defensive  turn  will  cause  the 
attacker  to  reach  a  "square  corner"  as  the  range  between 
aircraft  decreases.  Since  aircraft  do  not  turn  square 
corners,  the  attacker  can  overshoot  the  flight  path  of  the 
target;  then,  by  reversing  his  turn  direction,  the  pilot  of 
the  target  aircraft  can  maneuver  behind  his  opponent. 
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The  hard  turn  as  considered  in  this  analysis  is  used 
to  represent  the  situation  in  which  the  pilot  in  the  target 
aircraft  has  lost  sight  of  the  attacking  aircraft.  The 
target  pilot  knows  he  cannot  afford  to  use  gentle  maneu¬ 
vers,  because  the  attacker  might  be  behind  him?  yet  he 
does  not  break  since  it  causes  a  high  loss  of  energy  maneu¬ 
verability. 

The  hard  turn  is  represented  in  the  model  by  giving 
the  target  a  roll  rate  (PHIDOT)  of  45  degrees  per  second 
and  a  g-loading  rate  (GLFDOT)  of  four  g's  per  second. 

The  roll  rate  is  maintained  throughout  the  maneuvering 
time  of  flight  and  the  g-loading  rate  is  maintained  until 
a  positive  7«0  g's  is  attained. 


Non-Maneuvering  Target 

The  non-maneuvering  target  flies  at  constant  airspeed, 
constant  heading,  and  constant  altitude  throughout  the 
flight  time  of  the  projectile.  The  situation  represented 
is  one  in  which  the  pilot  of  the  target  aircraft  doesn*t 
see  and  is  not  aware  that  he  is  being  attacked.  It  is 
represented  in  the  model  by  giving  the  target  zero  roll 
rate  (PHIDOT)  and  zero  g-loading  rate  (GLFDOT). 
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Average -Maneuvering  Target 

The  average -maneuvering  target  used  in  this  study  is 
defined  only  in  terms  of  kill  probability.  The  mathe¬ 
matical  model  calculates  separate  kill  probabilities  for 
the  target  making  a  jink,  a  hard  turn,  and  a  break.  The 
average  of  the  three  resulting  kill  probabilities  is  defined 
as  the  kill  probability  for  an  average-maneuvering  target. 


Firing  Parameters 

To  hit  a  moving  target  with  a  ballistic  projectile, 
it  is  necessary  to  account  for  the  motion  of  the  target 
during  the  flight  time  of  the  projectile.  This  is  called 
lead  for  target  motion,  and  in  air-to-air  gunnery  it 
presents  the  pilot  in  the  attacking  aircraft  with  a  problem 
that  is  difficult  to  solve. 

Since  guns  are  rigidly  mounted  to  fire  forward  on 
fighter  aircraft,  the  pilot  aims  them  by  maneuvering  his 
aircraft.  To  shoot  down  another  aircraft,  he  must  point 
the  gun  ahead  of  the  target.  The  correct  amount  of  lead 
required  is  determined  by  the  flight  path  of  the  target 
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during  the  flight  time  of  the  projectile.  The  degree  of 
difficulty  in  establishing  the  correct  lead  angle  is 
determined  by  the  relative  rate  at  which  the  target  is 
crossing  the  flight  path  of  the  attacker. 

Angle-off.  If  the  target  is  flying  straight  and  level 
the  task  of  leading  for  target  motion  is  relatively  easy 
to  solve  especially  at  close  range  (attacker  less  than  1500 
feet  from  target)  and  low  angle-off  (attacker  less  than  20 
degrees  off  target's  tail).  As  angle-off  increases, 
establishing  the  correct  lead  angle  becomes  more  difficult, 
because  the  rate  at  which  the  target  is  crossing  in  front 
of  the  attacker  increases. 

Table  I  shows  the  effect  of  line  of  sight  range  and 
15.ne  of  sight  angle-off  on  firing  parameters.  Above  45 
degrees  angle-off  the  target  crossing  rate  is,  for  ranges 
of  approximately  1000  to  2000  feet,  greater  than  the  rate 
at  which  the  attacking  aircraft  can  turn.  For  this  reason 
only  angles-off  of  45  degrees  and  less  are  considered  in  this 
study.  Four  angles-off  (0°,  15°,  3°°»  45°)  were  chosen. 
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Table  I 

Firing  Parameters  for  Attack  against 
Co-airspeed,  Co-altitude,  Non-maneuvering  Target. 

Results  based  on  projectile  muzzle 
.velocity  of  3300  feet  per  second. 


Target 
Range ' 
(ft) 

Attacker 

Angle-off 

(deg) 

Target 
Cross.  Rate 
(deg/sec ) 

Attacker  - 
Load  Factor 
(g's) 

Required 
Lead  Angle 
(deg)a 

Flight 
Time 
(sec ) 

1000 

0 

0 

1.0 

0 

.357 

15 

ll.l 

4.6^ 

3.9 

.353 

30 

22.5 

9.1? 

7.5 

.343 

45 

34.4 

l4.0b 

10.6 

.326 

1500 

0 

0 

1.0 

0 

.585 

15 

10.8 

3.0 

4.2 

.578 

30 

22.0 

5-9. 

8.0 

.558 

45 

33.7 

9.1b 

11.3 

.528 

2000 

0 

0 

1.0 

0 

.856 

15 

10.6 

2,3 

4.4 

.844 

30 

21.5 

4.2 

8.5 

.810 

45 

33.0 

6.6 

12.0 

.760 

2500 

0 

0 

1.0 

0  . 

1.182 

15 

10,3 

1.8 

4.7 

1.163 

30 

20.9 

3.3 

9.1 

1.108 

45 

32.3 

5.1 

12.7 

I.030 

3000 

0 

0 

1.0 

0 

1.582 

15  - 

9.9 

1.5  ■ 

5.1 

1.552 

30 

20.3 

2.7 

9.7 

1.466 

45 

31.5 

4.1 

13.5 

1.346 

al  degree  approximately  equals  17.45  milliradians , 


^Exceeds  operating  limitations  on  aircraft. 

cVelocity  of  target  and  attacking  aircraft  is  1000  feet 
per  second. 
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Range .  The  minimum  range  for  using  a  gun  to  shoot  down 
another  aircraft  is  determined  by  survival  considerations. 

At  ranges  of  less  than  1000  feet  the  possibility  is  very 
good  that  an  attacking  aircraft  will  ingest  pieces  of  the 
target.  The  maximum  range  for  using  a  gun  is  determined  by 
the  impact  velocity  of  the  projectile  that  is  required  to 
detonate  it.  A  minimum  impact  velocity  of  750  feet  per 
second  relative  to  the  target  is  used  in  this  analysis.  At 
ranges  greater  than  approximately  3000  feet,  the  projectiles 
of  the  guns  used  in  this  study  have  less  than  750  feet  per 
second  velocity  relative  to  the  target  at  impact.  Therefore 
ranges  of  500  to  3000  feet  are  considered  in  the  analysis. 
Increments  of  500  feet  were  chosen,  because  it  is  a  conven¬ 
ient  and  perceptible  increment  for  judging  range  in  aerial 
combat.  The  ranges  considered  in  the  analysis  are  500,  1000 
1500,  2000,  2500,  and  3000  feet. 

.Attack  Velocity.  In  envisioning  aerial  combat  there 
is  a  tendency  for  one  to  think  that  the  attacking  aircraft 
will  have  a  high  overtake  airspeed  on  the  target.  This  is 
not  necessarily  so  nor  isit  necessarily  desirable.  Turn 
radius  is  a  function  of  velocity  squared  and  the  faster  the 
speed  of  the  attacking  aircraft  the  greater  will  be  the 
number  of  g's  required  xo  establish  the  correct  lead  angle. 
Hence,  establishing  the  lead  angle  becomes  more  difficult  as 
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the  overtake  airspeed  increases  as  well  as  there  being 
less  time  to  do  it  in.  High  overtake  airspeed  also  makes  the 
attacker  more  vulnerable  to  overshooting  the  flight  path  of 
the  target  and  ending  up  in  front  of  a  skilled  defender. 

Thus,  a  higher  kill  probability  for  a  single  firing  burst 
results  if  the  attacking  aircraft  is  co-airspeed  with  the 
target  than  if  it  has  overtake  airspeed. 

This  is  not  to  say  that  a  high  speed  attack  is  not 
appropriate.  Depending  upon  the  tactical  situation  and  the 
relative  energy  maneuverability  of  the  aircraft,  high 
overtake  airspeed  attacks  may  be  necessary.  The  advantage 
of  an  overtake  airspeed  attack  is  that  the  projectile  time 
of  flight  decreases  and  the  target  has  less  time  to  react. 

Because  overtake  is  more  a  tactics  parameter  than  it  is 
a  firing  parameter,  the  analysis  is  based  on  a  co-airspeed 
attack.  Both  the  attacking  aircraft  and  target  aircraft 
have  a  velocity  of  1000  feet  per  second.  This  airspeed  is 
perhaps  disputably  high.  However,  since  the  lateral  and 
vertical  displacement  of  the  target  used  in  this  study  is 
affected  only  by  acceleration  normal  to  its  flight  path 
(g-load  factor)  and  the  projectile  time  of  flight,  the 
calculated  kill  probabilities  are  applicable  to  any  co¬ 
airspeed  attack  velocity, 
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Altitude .  Below  10,000  feet  pressure  altitude,  the 
operational  envelope  of  air-to-air  guided  missiles  decreases 
markedly,  whereas  the  effective  firing  envelope  for  guns  is 
not  as  greatly  affected.  Because  of  this,  there  is  a  tend¬ 
ency  for  fighter  pilots  to  think  of  the  gun  as  a  weapon  to  be 
used  at  low  altitude  and  to  want  projectiles  to  be  aero- 
dynamically  optimized  for  low  altitude  firing.  For  these 
reasons,  a  pressure,  altitude  of  5000  feet  is  used  in  the 
analysis  with  the  attacking  aircraft  and  target  aircraft 
co-altitude. 

The  term  co-altitude  should  not  imply  to  the  reader 
that  the  attacking  aircraft  and  target  aircraft  are 
necessarily  flying  straight  and  level,  right  side  up.  In 
this  study,  the  position  of  the  attacking  aircraft  and 
target  aircraft  are  placed  in  that  position;  however,  it  is 
only  for  convenience  in  orienting  the  coordinate  system. 

In  developing  the  target  uncertainty  subroutine  for  the 
mathematical  model,  the  effect  of  the  initial  attitude  of 
the  target  aircraft  on  its  displacement  during  the  time  of 
flight  of  the  projectile  was  found  to  be  negligible  for  the 
three  defensive  maneuvers  used  in  this  analysis.  Thus,  the 
results  are  applicable  whatever  the  initial  attitude*  of  the 
attacking  and  target  aircraft  and  it  makes  little  difference 
whether  both  are  flying  right  side  up,  upside  down,  or  going 
straight  up. 
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Target  Uncertainty 

The  prime  difficulty  in  shooting  an  evasively  maneu¬ 
vering  target  is  following  its  maneuver.  As  previously 
mentioned,  in  this  study  it  is  assumed  that  the  attacker  is 
following  the  defensive  maneuver  of  the  target.  That  is, 
until  the  instant  the  pilot  in  the  attacking  aircraft 
fires  his  gun,  he  has  been  able  to  follow  whatever  maneuver 
the  target  has  made. 

The  task  of  establishing  the  correct  lead  angle  for  a 
target  making  a  constant  rate  turn  is  more  difficult  than  it 
is  for  a  target  flying  straight  and  level  because  more  lead 
is  required.  The  reason  more  lead  is  required  is  that  once 
a  projectile  leaves  the  gun,  its  flight  path  is  relatively 
straight  and  the  target’s  crossing  rate  relative  to  the 
projectile  increases  as  the  target  continues  a  constant  rate 
turn. 

Assuming  the  attacker  can  follow  the  constant  rate  turn 

of  the  target,  the  correct  lead  angle  can  be  approximately 

predicted  by  existing  lead  computing  gunsight  systems. 

However;  if  at  the  instant  the  gun  is  fired,  the  target  makes 

a  violent  change  in  its  flight  path,  such  as  changing  its 

maneuver  from  a  hard  turn  to  a  negative-g  jink;  then,  the 

established  lead  angle  for  target  motion  is  going  to  be 

incorrect  and  the  projectile  will  likely  miss  the  target. 

■ 

The  displacement  after  the  flight  time  of  the  projectile 
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between  the  target's  actual  position  in  space  and  the  pre¬ 
dicted  position  is  called  target  uncertainty. 

Determining  the  decrease  in  kill  probability  due  to 
target  uncertainty  is  the  major  objective  of  this  study. 

The  analysis  is  based  on  an  attack  against  a  target  that  is 
flying  straight  and  level.  At  the  instant -the  attacker 
fires  his  gun,  the  target  makes  a  violent  defensive  maneu¬ 
ver,  In  the  mathematical  model,  the  target  is  given 
instantaneously  a  roll  rate  and  a  g-loading  rate.  Because 
of  inertia,  an  airplane  cannot  instantaneously  attain  a  roll 
rate  or  a  g-rate,  nor  is  it  likely  that  a  target  will  change 
its  defensive  maneuver  at  the  precise  instant  the  attacker's 
gun  is  fired.  However,  the  error  in  the  kill  probability 
calculations  due  to  the  instantaneous  rate  approximations 
is  offset  by  using  a  straight  and  level  flight  path  as  the 
initial  condition  for  target  maneuvering  rather  than  a 
defensive  turn. 

Table  II  shows  the  lateral  (YDIS),  vertical  (ZDIS), 
and  radial  displacements  for  a  target  making  a  break  from 
straight  and  level  flight.  The  time  of  flight  is  the  same 
as  in  Table  I.  In  Table  II  the  load  factor  is  for  the 
target  at  the  end  of  the  time  of  flight,  while  in  Table  I 
the  load  factor  is  for  the  attacker  at  the  beginning  of  the 
firing  burst.  The  radial  displacement  of  the  target  is 


19 


GAW/MC/72-9 


given  in  mils  which  is  a  term  preferred  in  gunnery,  because 
it  is  invariant  with  range. 


Ballistic  Dispersion 

Because  projectiles  fired  from  guns  follow  a  ballistic 
trajectory, .the  amount  of  target  uncertainty,  or  miss  error 
due  to  target  maneuvering,  during  the  flight  time  of  the 
projectile  is  not  predictable.  Miss  due  to  target  uncer¬ 
tainty  should  not  be  confused  v/ith  miss  due  to  incorrect 
lead  angle  prediction  or  with  miss  due  to  the  pilot  being 
unable  to  establish  the  predicted  lead  angle.  Incorrect 
lead  angle  prediction  is  classified  as  a  sight  system  error 
and  is  inherent  in  the  mechanization  of  the  gunsight 
equations,  which  themselves  are  an  approximate  solution 
to  the  real  ballistic  situation.  Miss  due  to  pilot  error 
in  establishing  the  lead  angle  predicted  by  the  gunsight 
is  classified  as  aiming  error.  The  trace  or  locus  of  the 
gun  sight  during  the  firing  burst  is  called  aim  wander. 

Ballistic  dispersion  is  the  "shot-gun"  effect  of  pro¬ 
jectile  impacts  common  to  rapid  firing  weapons.  In  this 
analysis,  ballistic  dispersion  (SIGB)  is  defined  as  the 
diameter  of  the  circle  which  contains  80  percent  of  the 
projectiles  fired  from  a  stationary,  rigidly  mounted  gun. 
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Table  II 

Displacement  of  Break  Maneuvering  Target 
at  end  of  Projectile  Time  of  Flight.  ■ 

Results  based  on  target  roll  rate  (PHIDOT)  of 
90  degrees  per  second  and  g-loading  rate  (GLFDOT) 
of  6  g's  per  second  until  7.0  g's  attained. 


Target 

Range 

(ft) 

Attacker 

Angle-off 

(deg) 

Flight 
Time 
(sec ) 

Final  Target 
Load  Factor 
(g's) 

YDIS 

(ft) 

ZDIS 

(ft) 

Radial 
Distance 
(mils )a*° 

.  1000 

0 

.357 

3.1 

0 

1 

.7 

15 

.353 

3.1 

0 

1 

.7 

30 

.343 

3.0’ 

0 

1 

.8 

45 

.326 

2.9  . 

0 

1 

.8 

1500 

0 

.585 

4.5 

3 

6 

3.2 

15 

.578 

4.4 

3 

6 

3.3 

30 

.558 

4.3 

2 

5 

2.7 

■ 

45 

.528 

4.1 

2 

4 

2.3 

2000 

0 

.856 

6.1 

13 

16 

6.9 

15 

.844 

6.1 

12 

16 

6.8 

30 

.810 

5.8 

10 

14 

6.3 

45 

.760 

5.5 

8 

12 

5.6 

2500 

0 

1,18 

7.0° 

43 

31 

14.4  .  ■ 

15 

1.16 

7 . 0C 

40 

31 

13.9 

30 

1.11 

7.0° 

34 

28 

12.6 

45 

1.03 

7.0° 

26 

24 

10.7 

3000 

O' 

1.-58 

7.0° 

111 

40 

25.7 

15 

1.55 

7.0“ 

104 

40 

24.6 

30 

1.47 

7.0°  ■ 

88 

40 

22.3 

45 

1.35 

7.0° 

67 

37 

18.8 

^Based  on  ballistic  range  of  projectile. 

^1  mil  equals  approximately  1  foot  at  1000  feet. 

cMaximum  operating  limit  attained  before  projectile 
arrives.  i 
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Achieving  a  satisfactory  kill  probability  in  air-to-air 
gunnery  requires,  among  other  factors,  rapid  firing  cannons 
which  fire  projectiles  at  high  muzzle  velocity  with  some 
ballistic  dispersion.  As  shown  in  Table  II,  the  uncertainty 
of  the  target  increases  as  the  square  of  the  projectile 
flight  time.  As  the  rate  of  fire,  muzzle  velocity,  and 
size  of  the  round  increase,,  it  is  obvious  that  the  lethality 
of  the  gun,  as  measured  by  kill  probability,  will  increase. 
This  does  not  necessarily  hold  for  ballistic  dispersion. 
Neither  fighter  pilots  nor  gun  and  fire  control  system 
engineers  have  ever  been  sure  of  the  best  ballistic  disper¬ 
sion,  In  this  stu^y,  the  influence  of  ballistic  dispersion 
on  kill  probability  is  analyzed  by  comparing  the  kill 
probability  at  various  ranges  and  angles-off  for  two,  four, 
six,  and  eight  mils  ballistic  dispersion. 

It  is  recognized  that  "optimum"  ballistic  dispersion 
is  directly  related  to  the  gunsight  system  and  the  results 
for  various  ballistic  dispersions  are  applicable  only  to 
this  model.  However,  the  trend  in  kill. probability  as 
ballistic  dispersion  is  varied  at  each  of  the  ranges  and 
angles-off  holds  for  any  sight  system. 
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Gun  Characteristics 

Two  different  rapid  firing  cannons  are  used  in  the 
analysis.  They  are  designated  gun  one  and  gun  two,  with  gun 
two  characterizir.g  a  cannon  which  fires  a  larger  projectile 
at  greater  muzzle  velocity  than  gun  one.  The  characteristics 
of  the  two  guns  are  shown  in  Table  III. 


Table  III 


Characteristics  of  Guns 

used  in 

Analysis 

Characteristics 

Gun  1 

Gun  2 

Firing  rate  (FR),  rounds/sec 

Muzzle  velocity  (VELM),  ft/sec 

Ballistic  coefficient  (BCOEF), 

W* 

scd 

100 

3300 

177.4 

100 

4000 

406.2 

*W  -  Weight  of  projectile 
S  -  Cross  sectional  area  of  projectile 
Cd  -  Aerodynamic  drag  coefficient 
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Pilots  and  Gunsights 

Without  the  aid  of  a  gunsight,  a  pilot  finds  it  almost 
hopeless  to  judge  where  his  gun  is  pointed,  especially  in 
the  range  .direction  (as  opposed  to  azimuth).  This  is 
notwithstanding  those  pilots  who  through  experience  learn 
that  a  rivet  or  screw  is  located  at  some  mil  setting  which 
can  be  used  for  aiming.  However,  the  size  of  the  forward 
windscreen  is  such  that  most  pilots  find  aiming  a  gun  impos¬ 
sible  without  a  gunsight.  Yet,  when  a  pilot  is  provided  a 
gunsight,  he  does  not  always  try  to  superimpose  the  sight's 
pipper  precisely  on  the  center  of  the  target  when  firing  a 
gun.  Rather,  he  will  use  the  sight  as  a  reference  from  v/hich 
he  uses  his  own  judgement  to  make  aiming  corrections. 

Sight  dynamics,  in  the  case  of  lead  computing  sight 
systems,  and  lack  of  dynamics,  in  the  case  of  manually 
depressed  sights,  cause  the  sightline  to  be  at  an  angle  with 
the  boreline  of  the  gun.  The  motion  of  lead  computing 
sights  is  intentionally  damped  to  keep  the  sight  reticle 
from  moving  too  fast  for  the  pilot  to  use  it.  Depending 
upon  the  load  factor  and  bank  angle  of  the  aircraft,  the 
sightline  will  intersect  the  trajectory  of  the  projectiles 
at  various  ranges.  During  maneuvering  flight,  the  damping 
causes  the  pipper  or  sightline  to  lag  the  boreline  of  the 
gun  whether  the  g-loading  on  the  aircraft  is  increasing  or 
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decreasing.  If  the  g-loading  is  constant,  the  sight  settles 
to  the  "correct"  lead  prediction  in  approximately  one 
second.  This  is  also  true  for  the  so-called  "Hot  Line" 
gunsight.  A  relatively  new  development,  it  displays  the 
approximate  flight  path  of  the  projectiles  and  gives  the 
pilot  a  dynamic  sight  picture  in  both  the  lead  computing  mode 
(with  radar  lock-on)  and  manual  mode  (v/ithout  radar  lock-on). 

In  gunnery  training,  pilots  are  taught  to  track  a  target 
for  approximately  one  second  and  to  use  a  short  firing  burst 
(less  than  one  second).  In  combat  flying,  one  seldom  finds 
a  situation  where  it  is  possible  to  use  such  a  technique. 

It  is  more  often  that  a  pilot  flies  a  lag  pursuit  course  on 
the  target  and  fires  the  gun  while  pulling  the  pipper  through 
the  'target.  This  results  in  a  firing  burst  of  approximately 
three  seconds.  The  reason  the  technique  is  appropriate  is 
that  during  maneuvering  flight  the  gunline  is  ahead  of  the 
sightline.  As  the  target  in  this  study  is  initially  in 
steady  state  flight,  the  tracking  technique  is  more  approp¬ 
riate  to  the  mathematical  model  and  so  a  firing  burst  of 
one  second  is  used  in  the  analysis. 

Trackshooting  and  Snapshooting 

In  Table  I  it  is  shown  that  the  g-load  required  to 
establish  the  correct  lead  angle  may  be  greater  than  the 
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permissible  operating  limits  of  the  attacking  aircraft.  In 
this  situation  the  pilot  is  unable  to  establish  the  required 
lead  angle  by  increasing  the  g-loading  on  his  aircraft.  When 
using  a  lead  computing  gunsight,  the  most  desirable  method 
for  solving  this  problem  is  to  maneuver  to  decrease  the 
angle-off,  so  the  necessary  lead  angle  can  be  established 
within  permissible  operating  limits.  Another  method  for 
solving  the  problem  is  to  use  planned  maneuvering  to  lead 
the  target,  with  no  intention  of  tracking  it,  and  to  time 
the  firing  burst  so  that  the  target  flies  into  the  bullet 
stream.  The  method  of  making  this  high  deflection  angle 
attack  is  called  snapshooting. 

A  high  rate  of  fire  and  a  knowledge  of  the  trajectory 
of  the  projectiles  is  required  to  successfully  use  the 
snapshoot  method.  Tracer  bullets  were  once  used  to  provide 
the  pilot  with  trajectory  information.  More  recently,  the 
experience  of  tactical  test  pilots  with  the  "Hot  Line" 
gunsight  has  created  a  renewed  interest  in  high  deflection 
angle  gunnery.  For  this  reason,  both  trackshooting  and 
snapshooting  methods  are  included  in  the  analysis. 

If  more  than  5.6  g's  are  required  to  establish  the 
lead  angle,  the  assumption  is  made  that  the  pilot  will  no 
longer  be  able  to  track  a  target  when  using  a  lead  computing 
gunsight.  The  number  of  g's  that  a  pilot  can  sustain  and 
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at  the  same  time  track  a  target  with  a  gunsight  has  been  a 
continuing  dispute.  It  is  not  too  uncommon  to  find  exper¬ 
ienced  pilots  who  are  able  to  still  see  daylight  at  seven 
g'sj  however,  most  find  it  difficult  to  retain  clear  vision 
at  six  g's.  If  the  g-load  required  to  track  the  target 
is  greater  than  5*6  g‘s,  the  kill  probability  calculations 
are  based  on  snapshoot  firing.  In  the  analysis,  it  is 
assumed  that  an  attacker  will  sustain  5.6  g's  and  use 
planned  maneuvering  to  snapshoot.  This  g-lca.ding  is  perhaps 
too  high  to  really  simulate  the  snapshoot  method,  where  low 
g-loadings  are  an  advantage  of  the  method.  However,  the 
difference  in  kill  probability  between  a  maneuvering  and 
non-maneuvering  target  should  be  relatively  constant  regard¬ 
less  of  the  attacker's  g-loading. 

Kill  Probability 

Whether  kill  probability,  the  number  of  lethal  hits, 
or  the  total  number  of  hits  per  firing  burst  is  the  best 
measure  of  the  effect  of  target  maneuvering  in  air-to-air 
gunnery  is  disputable.  In  real  life,  one  hit  will  sometimes 
bring  down  an  aircraft  and  sometimes  20  hits  may  not  be 
enough  to  keep  it  from  returning  to  a  friendly  base.  The 
kill  probability  calculated  by  the  mathematical  model  used 
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in  this  analysis  is  "based  on  the  vulnerable  area  of  the 
target  to  a  single  detonating  projectile.  The  cumulative 
damage  effect  of  more  than  one  hit  is  not  considered  and 
therefore  the  calculated  values  of  kill  probability  are  less 
than  what  might  result  from  a  real  gun  system  under  the 
firing  parameters  used  in  the  model.  Nevertheless,  kill 
probability,  in  spite  of  its  inadequacy  to  precisely  show 
the  effect  of  multiple  hits ,  was  chosen  as  the  best  measure 
of  the  effect  of  target  maneuvering  in  air-to-air  gunnery. 


i 
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III.  The  Mathematical  Model 

The  mathematical  model  is  a  combination  of  governing 
equations  of  motion,  functional  and  geometric  relationships, 
and  probability  theory.  It  is  a  computer  program  written  in 
Fortran  for  the  Control  Data  Corporation  6600.  Mr.  Hal 
Smith  developed  the  model  to  isolate  gun  design  problems 
from  fire  control  and  related  encounter  problems.  This 
author  modified  the  model  so  that  target  uncertainty  can  be 
included  in  its  kill  probability  calculations.  Perhaps,  my 
more  significant  contributions  to  the  model  are  a  specified 
encounter  description  and  a  fire  control  interpretation  which 
allows  for  the  calculation  of  a  single  overall  kill  probabil¬ 
ity,  rather  than  numerous  ones,  for  each  firing  burst. 

•This  chapter  is  written  to  provide  the  reader  with  an 
understanding  of  the  way  in  which  the  air-to-air  gunnery 
considerations  of  Chapter  II  are  specified  in  the  mathemat¬ 
ical  model.  The  inner  workings  of  the  model  are  contained 
in  the  Appendices  to  this  study  for  those  who  are  more 
interested  in  the  functioning  of  the  model. 

t 

Coordinate  System 

The  coordinate  system  originates  at  the  center  of  the 
target  aircraft  as  shown. in  Figure  1.  The  positive  X  direct- 
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ion  passes  through  the  nose  of  the  aircraft  along  the  FRL 
(fuselage  reference  line).  The  positive  Y  direction  is  along 
the  left  wing  and  the  positive  Z  direction  is  up.  The  co¬ 
ordinate  system  moves  at  constant  velocity  along  the  flight 
path  the  target  would  follow  in  constant  airspeed,  constant 
altitude,  non-maneuvering  flight. 


Z 


Figure  1  Coordinate  Reference  System 
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In  maneuvering  1 light,  the  displacement  of  the  target  from 
the  origin  is  considered  negligible  in  the  X  direction,  but 
not  in  the  Y  or  Z  directions . 

Target 

The  target  used  in  the  model  approximates  a  fighter 
aircraft.  It  is  defined  by  eight  rectangular  parallelepipeds 
which  represent  the  fuselage,  right  and  left  inboard  wing 
sections,  right  and  left  outboard  wing  sections,  right  and 
left  horizontal  stabilators  and  a  vertical  stabilizer. 

Figure  2  shows  a  drawing  of  the  target  and  Table  IV  contains 
the  numerical  designator  and  the  dimensions  for  each  of  the 
target  parts.  The  parts  are  numbered  one  through  eight.  The 
model  calculates  the  fire  pattern  coverage  of  each  part 
separately  and  sums  the  results,  so  that  total  target  cover¬ 
age  is  the  sum  of  the  coverage  for  the  eight  parts. 
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Table  IV 


Numerical  Designator  and  Dimensions  of  Target  Parts 


Part 

Number 

Part  Description 

Dimensions  (ft) 

1 

Fuselage 

40  X  4  X  4 

2 

Right  inboard  wing  section 

15  X  5  X  h 

3 

Right  outboard  wing  section 

5X5X| 

4 

Right  horizontal  stabilizer 

4X5X| 

5 

Vertical  stabilizer 

6X8X5 

6 

Left  inboard  wing  section 

same  as  2 

7 

Left  outboard  wing  section 

same  as  3 

8 

Left  horizontal  stabilizer 

same  as  4 

Vulnerable  Area  of  Target 

The  vulnerable  target  is  shown  in  Figure  3  and  its 
vulnerable  areas  to  gun  one  and  gun  two  are  presented  in  Table 
V.  Only  the  fuselage  is  vulnerable  to  a  single  detonating 
round  from  gun  one,  and  just  the  fuselage  and  vertical 
stabilizer  to  gun  two.  The  vulnerable  areas  are  specified 
as  functions  of  aspect  angle  in  azimuth  and  elevation. 

The  vulnerable  area  of  the  target  is  based  on  the 
criteria  of  an  A-type  kill,  which  is  defined  to  be  at  least 
enough  damage  to  cause  the  aircraft'  to  be  uncontrollable 
within  five  minutes.  The  reason  the  other  target  parts  are 
given  zero  vulnerable  area  is  that  only  singly  vulnerable 
components  are  considered. 
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Ballistic  Triangle 

The  general  attack  situation  is  shown  in  Figure  4.  The 
target  aircraft  and  attacking  aircraft  are  assumed  to  be  co¬ 
airspeed  (1000  feet  per  second).  The  position  of  the  attack¬ 
ing  aircraft  at  the  time  of  fire  is  defined  by  its  line  of 
sight  range  (R)  and  angle-off  (AO)  relative  to  the  target. 

The  total  initial  projectile  velocity  (U0)  is  equal  to  the 
muzzle  velocity  of  the  gun  (VELM)  plus  the  velocity  of  the 
attacking  aircraft  (VI). 

The  ballistic  range  to  impact  (RB)  is  calculated  by 
an  iterative  process  which  uses  R,  AO,  U0,  the  velocity  of 
the  target  (VT),  and  the  exponential  ballistic  drag  factor 
(ALPHA).  The  average  velocity  of  the  projectile  (UBAR) 
over  the  ballistic  range  is  calculated  by  using  RB,  U0,  and 
ALPHA.  Details  of  the  iteration  and  the  equation  for  the 
average  ballistic  velocity  are  shown  in  the  computer  program 
listing  for  the  ballistic  triangle  subroutine  (SUBROUTINE 
BTRI ) ,  which  can  be  found  in  Appendix  E. 

The  predicted  projectile  time  of  flight  (TF)  is  taken 
as  the  ballistic  range  divided  by  the  average  velocity  of 


the  projectile 

i 


(1) 
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and  the  predicted  lead  angle  (DELTA)  required  to  hit  the 
target  is  taken  as 


DELTA  =  arc sin 


VT*TF«sin(AO) 

UBAR’TF 


(2) 


where  VT*sin  (AO)  is  the  component  of  target  velocity  per¬ 
pendicular  to  the  trajectory  of  the  projectile. 

The  angle  at  which  the  projectile  impacts  the  target 
(LAM)  is  found  from  the  angular  relationship. 

180-A0  =  180-DELTA-LAM  (3) 

The  absolute  velocity  of  the  projectile  at  the  instant  of 
impact  with  the  target  is  approximately 

UP  =  UO • exp ( -ALPHA «RB)  (4) 

* 

and  the  velocity  of  the  projectile  relative  to  the  target  is 

USK  -  UP-VT  cos (LAM)  (5) 

where  VT  cos(LAM)  is  the  velocity  component  of  the  target 
along  the  trajectory  of  the  projectile.  If  USK  (the  relative 
impact  velocity)  is  less  than  750  feet  per  second,  it  is 
assumed  that  the  round  will  not  detonate  upon  impact. 
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The  g-loading  (GLFI)  required  for  the  attacking  aircraft 
to  establish  the  lead  angle  for  target  motion  (DELTA)  is 
derived  by  considering  v/hat  turn  radius  the  constant  velocity 
target  must  have  to  give  it  a  turning  rate  equal  to  the 
target's  crossing  rate. 
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The  crossing  rate  of  the  target  (TCR)  at  the  ballistic 
range  (RB)  is 

tor  =  VT..sAp.(IAM)  _  (6 

The  turn  radius  (r)  which  gives  the  attacking  aircraft  the 


same  angular  velocity  is 


r  -‘JS— 
r  TCR  * 


The  radial  acceleration  (AI)  the  attacking  aircraft  must 
have  to  generate  the  turn  radius  r  is 

t 

AI  =  r(TCR)2  . 


Substituting  for  r  and  TCR  from  equations  (6)  and  (7)  into 
equation  (8),  and  dividing  by  32.2  gives  the  radial  acceler¬ 
ation  on  the  attacking  aircraft  in  terms  of  g-load  factor. 

AI - (32T2JRB -  (9) 


Considering  that  gravity  is  acting  perpendicular  to 
this  radial  acceleration,  the  total  g-loading  (GLFI )  required 
for  the  attacking  aircraft  to  establish  the  predicted  lead 


angle  for  target  motion  is 


GLFI 


s  /  f  VI »VT*si 
][  T32T2 


sin (LAM 
,2  )RB 


a-2  +  i2l  * . 


(10) 
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If  GLFI  (g-load  factor  on  attacking  aircraft)  is  greater  than 
5.6  g's,  it  is  assumed  that  the  attacker  will  snapshoot.  If 
GLFI  is  less  than  or  equal  to  5.6  g*s,  it  is  assumed  that 
the  attacker  will  trackshoot. 

Target  Uncertainty 

Target  uncertainty  is  the  difference  between  the 
predicted  position  of  a  target  and  its  actual  position  due 
to  maneuvering  during  the  flight  time  of  a  projectile.  Since 
the  orientation  of  the  coordinate  system  used  in  this 
analysis  is  determined  by  the  initial  velocity  and  orienta¬ 
tion  of  the  target  aircraft,  the  location  of  the  non-maneu¬ 
vering  target  will  always  be  at  the  origin  of  the  coordinate 
system.  A  target  which  maneuvers  will  be  displaced  from 
the  origin. 

The  longitudinal  displacement  (X  direction)  of  a 
maneuvering  aircraft  is  considered  to  be  negligible  in  the 
analysis.  The  target  is  assumed  to  have  a  constant  forward 
velocity  and  the  shorter  distance  travelled  in  the  X 
direction  due  to  curvature  in  the  flight  is  very  small 
because  of  the  short  time  of  flight.  The  lateral  displace¬ 
ment  (YDIS)  and  the  vertical  displacement  (ZDIS)  are  found 
by  resolving  the  instantaneous  radial  acceleration  of  the 
target  into  its  lateral  and  vertical  components.  The 
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derivation  of  the  equations  used  in  determining  the  displace¬ 
ment  of  a  maneuvering-'  target  can  be  found  in  Appendix  B. 

The  instantaneous  radial  acceleration  ( R A )  is  given  by 

•  RA  =  32.2  [GLF  -  cos(PHI)  cos (GAMMA)}  (11)  ’ 

where,  GLF  is  the  g-loading  read  by  the  pilot,  PHI  is  the 
aircraft  bank  angle,  and  GAMMA  its  pitch  attitude.  By 
specifying  the  initial  g-load  factor  (IGLF),  bank  angle 
(IPHI),  and  flight  path  angle  (IGAMMA),  and  also  the  roll 
rate  (PHIDOT)  and  g-loading  rate  (GLFDOT),  the  radial 
acceleration  at  any  later  time  can  be  found. 

The  radial  acceleration  for  a  non-maneuvering  aircraft 
is  zero.  The  radial  acceleration  for  an  aircraft  performing 
any  -of  the  three  defensive  maneuvers  used  in  this  study  is 
continually  changing  in  both  magnitude  and  direction. 

The  displacement  of  a  maneuvering  target  and  the  change 
.n  its  orientation  during  the  flight  time  of  a  projectile 
^re  found  by  dividing  the  sime  of  flight  (TF)  into  100 

ime  increments  (DELTF).  By  considering  the  radial 
acceleration  to  be  constant  over  each  increment,  but  also 
a? lowing  it  to  take  on  a  new  value  at  the  end  of  each 
increment,  the  actual  displacement  of  the  target  and  change 
in  its  orientation  can  be  closely  approximated  by  summing 
oer  all  the  time  intervals, 
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’  Using  the  time  of  flight,  which  is  given  by  equation 
(1),  and  the  initial  target  flight  conditions  shown  in 
Table  VI,  the  target  uncertainty  subroutine  calculates  YDIS, 
2DIS,  and  PRESGAM,  the  change  in  the  target's  pitch  attitude 
during  the  flight  time  of  the  projectile. 

Table  VI 


•The  Initial  Conditions  of  the  Target  Maneuvers 


Maneuver 

IGLF 

(g's) 

IPHI 

(deg) 

IGAMMA 

(deg) 

PHIDCT 
(deg/sec ) 

GLFDOT 
(g 's/sec) 

Non-Maneuvering 

1.0 

0 

0 

0 

0 

Negative-g  Jink 

1.0 

0 

0 

0 .  • 

-2 

Hard  Turn 

1.0 

0 

0  ■ 

4  5 

+4 

Break 

1.0 

0 

0 

90 

+6 

The  initial 

value 

of  the 

g-loading  (GLFDOT) 

is  main- 

tained  until  the 

g-load 

(GLF) 

is  a  positive  7.0  g 

;'s  or 

negative  3.0  g*s 

,  which 

approximate  the  maximum  permissible 

operating  limits  on  fighter  aircraft. 

The  flight  path  for  the  target  maneuvers  used  in  this 
analysis  and  the  displacement  of  the  target  for  a  flight 
time  of  1.25  seconds  is  shown  in  Figure  5. 
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Figure  5  Flight  Path  of  Defensive  Maneuvers 
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Target  Parts 

The  total  hits  on  the  target  are  calculated  by- 
considering  the  hits  on  each  of  the  eight  parts  separately. 
The  coordinates  of  the  center  of  each  part  are  specified  in 
both  width  and  length  from  the  center  of  the  target  aircraft. 
The  part  area  presented  to  the  projectiles  'is  determined  by 
LAM  (the  predicted  impact  angle)  for  a  non-maneuvering  target 
and  by  LAM  plus  PRESGAM  (the  change  in  flight  path  angle) 
for  a  maneuvering  target.  Only  the  half  width  and  half 
length  of  the  presented  cross  sectional  part  area  are  used 
in  the  calculations,  because  of  the  symmetric  fire  pattern 
used  in  the  analysis. 

The  program  listing  of  the  target  part  subroutine 
(SUBROUTINE  TGTPTS )  can  be  found  in  Appendix  E. 


Fire  Pattern 

A  method  to  precisely  describe  the  fire  pattern  produced 

in  air-to-air  gunnery  has  yet  to  be  developed.  In  air-to- 

ground  gunnery,  the  location  of  the  impact  points  from  the 

aiming  point  can  be  scrutinized.  While  In  air-to-air  gunnery 

only  the  hits  on  a  small  recoverable  target  can  be  studied. 

This  inability  to  experimentally  verify  the  air-to-air 

fire  pattern  makes  the  practice  of  assuming  there  is 

similarity  between  a  fire  pattern  relative  to  a  moving 

spatial  target  and  a  fire  pattern  relative  tc  a  fixed 

ground  target  somewhat  questionable. 

43 


GAW/MC/72-9 


The  significant  difference  between  air-to-air  gunnery 
and  air-to-ground  gunnery  is  target  motion.  The  g-loading 
on  an  aircraft  attacking  a  ground  target  is  less  than  one- 
half  g,  even  if  the  target  is  moving.  In  air-to-air  gunnery, 
the  g-loading  is  often  four  to  six  g's  when  the  gun  is 
fired.  The  result  is  large  aiming  errors  and  an  uncertain 
distribution  of  projectiles  in  the  fire  pattern. 

In  air-to-ground  gunnery,  the  aircraft's  wings  are 
level  when  the  gun  is  fired.  In  air-to-air  gunnery,  although 
the  roll  attitude  of  the  attacking  aircraft  and  target  are 
approximately  matched  at  the  time  of  fire ,  the  target  is 
generally  rolling  during  the  firing  burst  and  flight  time 
of  the  projectiles,  and  so  it  is  impossible,  in  general,  to 
predict  the  roll  attitude  of  the  target  at  the  time  of 
impact  for  each  of  the  projectiles.  That  is,  during  a  one 
second  burst  and  a  one  second  projectile  time  of  flight,  the 
roll  attitude  of  a  target  aircraft  can  easily  change  90 
degrees.  Thus,  the  cross  sectional  area  of  the  target 
presented  to  the  first  projectile  in  a  firing  burst  can 
vary  significantly  from  the  cross  sectional  area  presented 
to  the  last  projectile  in  the  burst. 

Rather  than  simulating  a  fire  pattern  that  might  be 
produced  on  a  particular  firing  pass ,  a  fire  pattern  which 
represents  the  average  of  many  one  second  bursts  is  gen- 

i 

erated  in  the  model.  ! 
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Air-to-ground  fire  patterns  are  normally  described  by 
aim  error  and  ballistic  dispersion.  Ballistic  dispersion  is 
used  to  describe  the  size  of  the  impact  pattern  and  aim 
error  is  used  to  locate  the  center  of  the  impact  points 
from  the  target.  In  air-to-air  gunnery,  the  aim  error  is 
more  dynamic  than  in  air-to-ground  gunnery  and  is  a  locus 
of  the  center  of  the  aiming  points.  In  this  study,  the 
aim  error  is  divided  into  two  categories,  the  tracking 
error  due  to  the  pilot  and  the  system  error  of  the  sight. 

Tracking  Error.  The  tracking  error  is  due  to  the 
pilot’s  inability  to  superimpose  the  sight  pipper  on  the 
target.  In  the  model,  this  error  is  described  by  generating 
a  standard  deviation  in  aim  wander  (TKSIG) .  In  the  unmod¬ 
ified  model,  the  following  relationship  was  used. 

TKSIG  -  (. 00375 )R  (12) 

Where,  R  is  the  line  of  sight  range  in  feet  and  TKSIG  is 
the  standard  deviation  in  mils.  It  was  felt  that  TKSIG 
should  not  be  a  function  of  range  alone,  but  also  a  function 
of  the  angle-off.  As  the  g-load  factor  required  to  establish 
lead  for  target  motion  is  a  function  of  line  of  sight  range 
and  angle-off,  the  following  relationship  from  the  GUN-Val 
studies  is  used  (Ref  2), 
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TKSIG  = 


TSIGMIN 


i-  (- 


GLFI 


GLFMAX 


-r 


(13) 


TSIGMIN  is  the  minimum  standard  deviation  in  tracking 
error,  A  TSIGMIN  of  five  mils  is  used  for  trackshooting, 
GLFI  is  the  g-loading  required  for  the  attacking  air¬ 
craft  to  establish  lead  for  target  motion. 

GLFMAX  is  the  maximum  permissible  operating  g-load  on 
the  attacking  aircraft,  GLFMAX  is  7.0  g*s  in  this  study. 
The  tracking  error  is  greater  for  snapshooting  than 
for  trackshooting.  At  5.6  g's,  equation  (13)  gives  a  TKSIG 
of  13.9  mils.  For  snapshoot  fire,  a  minimum  value  of  15.0 
mils  is  assumed. 

The  value  of  TKSIG  for  snapshooting  is  generated  in 
the  model  by  taking  the  difference  between  the  target's 
crossing  rate  and  the  lead  capability  of  the  attacking 
aircraft  at  5.6  g's, 


TLC  =  (AMLC  -  TCR)TF 


(14) 


where,  the  target's  crossing  rate  (TCR)  is  given  by 


TCR  VT*sin(LAM) 
RB 


(15) 


and  the  attacker's  max  lead  capability  (AMLC)  by 


AMLC  = 


(16) 
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Assuming  a  uniform  distribution  for  tracking  error  in 
snapshooting,  the  standard  deviation  in  mils  for  one  second 
of  fire  is 

TKSIG  =  -^222  ABS(TLC)  (17) 

where  ABS(TLC)  is  the  absolute  value  of  the  tracking  lead 
capability  of  the  attacking  aircraft  and  the  coefficient 
is  the  probability  for  one  standard  deviation  of  a  uniform 
distribution.  The  value  of  TKSIG  used  for  snapshooting  is 
•given  by  equation  (17)  or  15  mils,  whichever  is  greater. 

Length  of  Fire  Line.  The  length  of  the  fire  line  is 
three  standard  deviations  times  the  range  RB.  The  location 
of  each  fire  point  from  the  center  of  aim  is  determined  by 
TKSIG  according  to  the  following  relationship, 

YL  s  (IDP-.5)  TKSIG ’RB'IPOL  (18) 

.  IPOL  produces  fire  pattern  symmetry  taking  on  the 
values  of  plus  or  minus  one. 

IDP  is  the  round  number  which  takes  on  integer  numbers 
from  1  to  50.  The  midpoint  between  rounds  is  used  in  the 
calculations. 

TKSIG  is  the  standard  deviation  for  aiming. 

RB  is  the  ballistic  range. 

i 

* 
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The  coefficient  is  due  to  the  fire  line  being  three 
standard  deviations  long  and  consisting  of  50  fire  points. 

The  probable  number  of  rounds  (PNR)  at  each  fire  point 
is  given  by 

PNR  =  PY(IDP) *FR*D0B  (19) 

PY(IDP)  is  the  frequency  distribution  for  each  round 
as  shown  in  Figure  6. 

FR  is  the  firing  rate  of  the  gun  and  DOB  is  the  duration 
of  burst,  which  are  100  rounds  per  second  and  one  second, 
respectively. 

Fire  Point  Density.  A  normal  distribution  of  fire 
points  along  the  fire  line  is  approximated  by  grouping  the 
frequency  distribution  of  fire  points  into  sets  of  10  rounds „ 
The  frequency  distribution  of  fire  points  for  one-half  of  the 
symmetric  fire  line  is  shown  in  Figure  6. 

Size  of  Fire  Pattern.  By  definition,  ballistic  disper¬ 
sion  is  the  diameter  of  a  circle  which  encompasses  80  percent 
of  the  projectile  impacts.  Laboratory  test  firings  on 
rigidly  .mounted,  rapid  firing  cannons  show  a  circular  dis¬ 
tribution  of  impact  points,  A  similar  distribution  of 
slightly  greater  diameter  results  when  the  same  cannon  is 
mounted  on  an  aircraft  and  fired  with  the  aircraft  on  jacks 
(Ref  8  ),  It  is  assumed  that  circular  ballistic  dispersion 
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.0028 


0008 


Projectile  Number,  IDP 


Figure  6  '  Frequency  Distribution  of 
Fire  Points  along  Fire  Line 


can  be  approximated  by  a  circular  normal  distribution.  The 
standard  deviation  of  a  normal  distribution  contains  approxi 
mately  67  percent  of  the  projectile  impact  points.  In  this 
analysis,  then  the  relationship  between  a  standard  deviation 
in  ballistic  dispersion  (SIGB)  and  the  diameter  of  the  80 
percent  circle  (BD)  defined  to  be  ballistic  dispersion  is 


BD  =  1.825SIGB 


(20) 


Germond.  calculated  that  98.89  percent  of  the  impacts 
are  within  three  standard  deviations  for  the  integrated 
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Table  VII 


Projectile  Flight  Time  and  Attacker 
g-loadmg  for  Various  Flight  Conditions 


Firing  Conditions 

Gun  1 

Gun  2 

Angle-off 

Ranee 

TF 

GLF 

TF 

GLF 

(deg) 

(ft) 

(sec ) 

(g's) 

(sec ) 

(g's) 

0° 

500 

.164 

1.0 

.129 

1.0 

1000 

.357 

1.0 

.266 

1.0 

1500 

.585 

1.0 

.413 

1.0 

2000 

.856 

1.0 

.569 

1.0 

2500 

1.182 

1.0 

.736 

1.0 

3000 

1.582 

1.0 

.913 

1.0 

15° 

500 

.163 

9.3a’b 

.128 

io.3a»b 

1000 

.353 

4.6 

.264 

5.2 

1500 

.577 

3.0 

.410 

3.5 

2000 

.834 

2.3 

.564 

2.7 

2500 

I.I63. 

1.8 

.729 

2.2 

3000 

1.552 

1.5 

.904 

1.9 

o 

o 

r'l 

500 

.158 

18.8a»b 

.125 

20.8a*b 

1000 

.342 

9.1a,b 

.259 

lo.3a»b 

1500 

.558 

5.9b 

.400 

6.8b 

, 

2000 

•  .810 

4.3 

.550 

5.1 

2500  - 

1.108 

3.3 

.710 

4.1 

3000 

1.466 

2.7 

,880 

3'.  4 

45° 

500 

.152 

28.9a,b 

.121 

31.3a»b 

1000 

.326 

14 . 0a » b 

.250 

15.5a'b 

1500 

.527" 

9.1a-b 

.385 

10*3a,5 

2000 

.760 

6,6b  ' 

.529 

7.?a,b 

2500 

I.030 

5.1 

.681 

6.1b 

3000 

1.346 

4.1 

.842 

5.1 

aExceeds 

aircraft 

operating  limitations 

^Snapshoot 


i 
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gaussian  distribution  (Ref  3).  A  ballistic  dispersion 
of  three  SIGB  i:s  used  in  the  mathematical  model.  As  shown 
in  Figure  7,  the  ballistic  fire  pattern  is  represented  by 
making  a  square  approximation  to  a  circular  distribution 
and  using  two  uniform  distributions  to  generate  80  percent 
of  the  impacts  within  one  standard  deviation  (SIGB).  Further 
explanation  of  the  square  and  uniform  approximations  can  be 
found  in  Appendix  A. 


■  .3125  '  4  875 

uniform  dcnijties 


Figure  7  Ballistic  Dispersion 
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The  half  width  of  the  fire  pattern  (HWP)  is  greater  for 
snapshooting  than  it  is  for  trackshooting.  The  relationship 
"between  SIGE  and  HWP  is  given  by  equations  (30)  and  (31)  from 
Appendix  A. 

The  amount  of  target  coverage  and  the  probability  that 
a  given  projectile  hits  the  target  is  calculated  in  the 
mathematical  model  by  weighting  each  projectile  for  ballistic 
dispersion.  That  is,  80  percent  of  each  round  is  considered 
to~be  within  one  SIGB  and  20  percent  is  considered  to  be  in 
the  area  between  one  and  three  SIGB. 

By  treating  each  round  separately,  an  approximation  to 
an  elliptical  normal  distribution,  with  the  major  axis  along 
the  fire  line,  is  achieved  as  each  of  the  100  fire  points  is 
considered. 

Center  of  Fire  Pattern.  The  center  of  the  fire  pattern 
is  located  with  respect  to  the  origin  of  the  moving  coordin¬ 
ate  reference  system.  An  offset  distribution  is  generated 
in  the  width  direction  and  a  firing  time  delay  distribution 
in  the  length  direction.  Width  and  length  are  defined  with 
respect  to  the  fire  line  direction  and  the  fire  line 
direction  of  draw  is  defined  with  respect  to  the  target* s 
fuselage  reference  line  (FRL). 

The  distribution  in  offset  (K0S)  and  fire  timing  delay 
(FTD)  models  pilot  technique.  There  are  three  pilot 
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techniques  for  establishing  lead  angle  for  target  motion. 

The  one  preferred  by  most  is  lag  pursuit.  The  pilot  lags 
the  target  with  the  gunsight  as  he  makes  the  attack.  He 
attempts  to  stabilize  the  gunsight  just  short  of  the  target 
to  allow  the  sight  to  settle.  As  the  sight  is  settling,  the 
pilot  squeezes  the  trigger  and  increases  his  g-loading  to 
pull  the  fire  pattern  through  the  target. 

A  second  technique  is  the  lead  pursuit.  The  pilot 
attempts  to  stabilize  the  sight  in  front  of  the  target. 

Then- ever  so  slightly  (while  sustaining  three  to  six  g*s) 
he  eases  off  the  g-loading  and  squeezes  the  trigger,  so 
that  the  fire  pattern  goes  through  the  target.  The  third 
technique  is  to  stabilize  the  sight  on  the  target  and  fire 
when  it  is  superimposed  and  settled.  These  three  tracking 
techniques  should  not  be  confused  with  snapshooting  where 
the  pilot  always  establishes  a  large  lead  angle  and  shoots 
the  gun  so  that  the  target  flies  into  the  fire  pattern. 

As  can  be  imagined,  the  location  of  the  center  of  the 

fire  pattern  is  impossible  to  locate.  It  is  found  that 

pilots  have  greater  difficulty  in  locating  the  pattern  in 

the  forward-aft  direction  with  respect  to  the  target  than 

in  the  vertical.  This  is  due  to  the  forward  motion  of  the 

target.  The  forward-aft  error  of  the  fire  pattern  is  called 

lateral  error  and  the  above-below  error  with  respect  to  the 

i 

target  is  vertical  error*  In  the  mathematical  model  these 
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errors  are  defined  with  respect  to  the  fire  line,  where 
length  is  along  the  fire  line  and  width  is  perpendicular 
to  it.  The  fire  line  draw  direction  is  defined  with  respect 
to  the  target’s  fuselage  reference  line  (FRL)  and  gives  an 
equal  likelihood  of  being  along  the  fuselage  or  perpendic¬ 
ular  to  it.  Thus,  offset  and  fire  time  delay  can  be  either 
perpendicular  or  parallel  to  the  target's  FRL. 

In  the  mathematical  model,  error  in  the  length  direction 
is  generated  by  assuming  that  the  pilot  has  an  equal  likeli¬ 
hood  of  being  early,  on  time,  or  late  in  squeezing  the 
trigger.  Early  and  late  timing  are  given  a  distance  equiva¬ 
lent  to  an  error  in  timing  of  approximately  .2  seconds  for 
trackshooting  and  approximately  .3  seconds  for  snapshooting 
according  to  the  following  equation  for  firing  time  delay 
(FTD) , 


FTD  *  TKSIG*RB(IFT-2)  (21) 

where  IFT  takes  on  values  of  one,  two,  and  three  for  early, 
perfect,  and  late. 

Error  in  the  width  direction  is  generated  by  selecting 
offsets  in  the  width  direction  of  -18,  -12,  -6,  0,  6,  12,  18 
mils,  which  are  converted  to  feet  by  the  following  equation 
for  fire  line  offset  (FLOS), 
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FLOS  =  ( . 001)K0S*RB  (22) 

where  KOS  takes  on  the  above  values. 

The  location  of  the  center  of  the  fire  pattern  with 
respect  to  the  origin  of  the  coordinate  system  is  at  FTD  and 
FLOS,  which  take  on  21  combinations  of  values  for  each  one 
second  firing  burst.  For  calculating  kill  probability  it  is 
assumed  that  FTD  has  a  uniform  distribution  and  that  FLOS 
has  a  normal  distribution  about  zero. 

Target  Coverage 

In  the  model,  the  origin  of  the  coordinate  system 
moves  at  constant  velocity  along  the  flight  path  the  target 
would  follow  in  constant  airspeed,  constant  altitude  non¬ 
maneuvering  flight.  Target  coverage  is  determined  by 
taking  the  difference  between  the  displacement  of  each  pro¬ 
jectile  and  the  target  part.  The  number  of  hits  is  estimated' 
by  the  amount  the  fire  pattern  overlaps  the  presented  area  of 
the  target  part-  and  the  projectile  density. 

The  distance  between  the  center  of  the  part  and  a 
projectile  is  given  for  the  width  direction  by 

i 

OS  =  ABS  [FLOS  -  C0T(I,L)  -  YDIS]  (23) 

and  in  the  length  direction  by 
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OSL  =  ABS  [YL  +  FTD  -  COY(I.L)  -  ZDIS]  .  (24) 

FLOS,  the  fire  line  offset,  is  given  by  equation  (22). 

FTD,  the  firing  time  delay,  is  given  by  equation  (21). 

YL,  the  location  of  the  projectile  along  the  fire  line, 
is  given  by  equation  (18). 

YDIS  and  ZDIS,  the  displacement  of  the  target  during 
the  flight  time  of  the  projectile,  are  given  by  equations 
(38)  and  (39). 

COT(K,L)  and  C0Y(K,L)  specify  the  location  of  the 
center  of  the  part  from  the  center  of  the  target,  where  I  is 
the  part  number  and  L  is  the  orientation  of  the  fire  line 
with  respect  to  the  target's  fuselage  reference  line  (FRL). 

The  coverage  of  each  target  part  is  determined  from 
the  amount  of  overlap  between  its  presented  area  and  the 
size  of  the  fire  pattern  (HWP).  A  more  detailed  explanation 
of  target  coverage  can  be  found  in  Appendix  A, 

Kill  Probability 

The  kill  probability  is  calculated  from  the  total 

e 

number  of  lethal  hits  on  the  target  (TNLH)  according  to  the 
following  approximation  for  CUHITf independent  attacks,  each 
with  a  single-shot  kill  probability ■ of  SSL  (Ref  3  ). 


PKOL  =  1  -  exp ( -TNLH) 


(25) 
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TNLH,  the  total  number  of  lethal  hits,  is  equal  to  the 
product  of  CUHIT  (the  total  number  of  hits)  times  SSL  (the 
single-shot  kill  probability).  The  probability  of  a  single¬ 
shot  kill. is  the  vulnerable  area  of  a  part  (AVP)  divided  by 
the  presented  area  of  the  part  (PAREA),  provided  the  part  is 

hX  t  f  1 

SSL  =  (26) 


CUHIT  is  the  sum  of  the  hits  on  all  parts  and  is  calculated 
by  the  target  coverage  subroutine.  Ah  explanation  how  CUHIT 
is  calculated  can  be  found  in  Appendix  A  under  target  cover¬ 
age. 

Four  PKOLS  are  calculated  for  each  firing  burst  and 

the  average  of  the  four  ( APKD )  is  taken  as  the  value  of  kill 

probability  for  each  of  the  21  combinations  of  seven  fire 

line  offsets  and  three  firing  time  delays.  The  four  PKOLS 

result  from  the  orientation  of  the  fire  line  with  respect 

to  the  target’s  FRL;  that  is,  whether  the  fire  line  or 

direction  of  draw  is  parallel  or  perpendicular  to  the  FRL. 

Both  are  considered  equally  likely.  Since  the  vulnerable 

area  is  given  as  a  function  of  the  aspect  angle  in  the 

horizontal  and  vertical  planes,  each  direction  of  draw  is 

broken  into  a  horizontal  and  vertical  component.  A  more 
» 

detailed  explanation  of  the  four  equally  likely  draws  can  be 
found  in  Appendix  A, 
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To  summarize  the  last  two  sections,  the  model  calcu¬ 
lated  84  kill  probabilities  for  each  firing  burst  (four 
draws,  three  fire  timing  delays,  and  seven  offsets).  For  a 
given  burst  of  one  second  duration,  only  a  portion  of  the 
84  combinations  produce  lethal  hits  depending  upon  the 
ballistic  dispersion,  angle-off,  and  line  of  sight  range 
to  the  target  at  the  time  of  fire. 

A  weighted  average  kill  probability  is  calculated  for 
each  combination  of  gun,  ballistic  dispersion,  angle-off, 
and  range.  The  four  draws  are  weighted  equal  as  are  the 
three  fire  timing  delays  (early,  perfect,  late).  The  off¬ 
sets  of  the  fire  line  are  weighted  by  the  following 
approximation  to  a  normal  distribution.  An  offset  of  minus 
six  -to  plus  six  mils  is  considered  to  occur  70  percent  of 
the  time.  This  corresponds  to  one  standard  deviation  in 
aiming  bias  at  the  middle  of  the  firing  burst.  For  a  non¬ 
maneuvering,  air-  to-air  target,  Captain  Dick  Hackford 
calculated  the  standard  deviation  in  aiming  bias  to  be  5 
mils  (Ref  4  ),  The  other  weighting  factors  for  offset  are 
20$  for  6  to  12  mils,  and  10 $  for  12  to  18  mils.  It  is 
considered  a  pilot  will  not  fire  if  he  estimates  that  the 
offset  will  be  greater  than  18  mils. 
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IV.  Results 

The  effect  of  target  uncertainty  on  kill  probability 
in  air-to-air  gunnery  is  shown  by  comparing  the  kill 
probability  for  a  specified  non-maneuvering  target  with  the 
kill  probability  for  an  average  maneuvering  target.  The 
average  maneuvering  target  is  defined  only  in  terms  of  kill 
probability.  It  is  the  average  of  the  kill  probabilities 
for  the  specified  target  making  a  negative-g  jink,  hard  turn, 
or  break. 

Kill  probabilities  were  calculated  for  the  two  dis¬ 
similar,  but  representative,  rapid  firing  cannons  for  various 
ballistic  dispersions.  The  firing  conditions  were  parametric¬ 
ally  varied  in  both  range  and  angle-off.  Line  of  sight 
range  was  varied  from  500  feet  to  3000  feet  in  increments  of 
500  feet,  and  initial  angle-off  was  varied  from  zero  degrees 
to  45  degrees  in  increments  of  15  degrees. 

Both  tracking  fire  and  snapshoot  firing  are  included 
in  the  calculated  kill  probabilities.  Tracking  fire  is 
assumed  if  the  attacking  aircraft  can  establish  lead  for 
target  motion  while  sustaining  5.6  g's  or  less.  If  more 
than  5.6  g's  are  required  to  track  the  target,  snapshoot 
firing  is  assumed.  The  approximate  regions  for  trackshooting 
and  snapshooting  are  shown  in  Figure  8,  The  projectile 
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effect  of  ballistic  dispersion  on  kill  probability.  The 
relative  effectiveness  of  the  three  defensive  maneuvers  in 
decreasing  kill  probability  is  shown  in  the  third  set,  and 
the  best  attack  parameters  in  the  .fourth. 

The  kill  probabilities  from  which  the  graphs  were 
constructed  can  be  found  in  Appendix  C.  No  attempt  was  made 
to  verify  the  degree  of  accuracy  or  realism  of  the  calculated 
values.  The  probabilities  were  calculated  to  three  signifi¬ 
cant  digits.  It  is  not  claimed  they  are  that  accurate  or 
to,  perhaps,  even  one  significant  digit. 

The  intent  was  to  establish  a  baseline  of  kill  probabil¬ 
ities  for  a  specified  non-maneuvering  target  and  then  find 
the  deviations  from  that  baseline  caused  by  target  maneuver¬ 
ing,  Perhaps  the  greatest  source  of  inaccuracy  in  the  model 
is  the  use  of  vulnerable  area,  which  does  not  account  for 

•  t  .  ^  •' 

•  '*••••  *  * 
cumulative  damage  of  multiple  hits  and  which  considers 

r  “ 

only  damage  to  singly  vulnerable  components.  The  model 
calculates  both  the  total  hits  and  total  number  of  lethal 
hits}  however,  they  were  not  used  to  measure  the  effect  of 
target  maneuvering,  because  it  is  felt  they  can  be  more 
misleading  than  kill  probability.  The  second  most  important 
item  to  keep  in  mind  when  using  the  results  is  that  they  are 
calculated  for  a  one  second  firing  burst. 
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From  an  engineering  design  point  oi'  view,  the  results 
show  the  relative  lethality  of  two  dissimilar  rapid  firing 
cannons  for  various  ballistic  dispersions.  From  a  pilot's 
point  of  view,  Figures  16  and  1?  quantize  the  relative 
effectiveness  of  defensive  maneuvers.  Figures  18  and  19 
show  the  line  of  sight  range  that  a  pilot  should  try  to 
achieve  when  shooting  at  an  aircraft  from  various  angles- 
off. 


Decrease  in  Kill  Probability 


Table  VIII  shows  the  percentage  decrease  in  kill  proba¬ 
bility  due  to  target  maneuvering  during  projectile  flight  time. 
The  values  for  the  percentage  decrease  have  a  five  percent 
round  off. 

It  is  noted  that  target  maneuvering  causes  a  much  higher 
decrease  in  kill  probability  for  gun  one  than  for  gun  two. 

The  primary  reasons  are  the  higher  muzzle  velocity  of  gun 
two  and  higher  ballistic  coefficient,  which  results  in  the 
projectile  having  a  short  flight  time. 

The  effectiveness  of  gun  one  decreases  markedly  beyond 
ranges  of  2000  feet,  which  corresponds  to  a  flight  time  of 
.approximately  .8  seconds  as  shown  by  Table  VII,  Gun  two's 
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effectiveness  against  a  maneuvering  target  starts  a  marked 
decrease  at  a  range  of  3 000  feet,  which  corresponds  to  a 
flight  time  of  approximately  . 875  seconds. 

In  Table  VIII  no  preferred  ballistic  dispersion  is 
noticeable  for  gun  one.  Gun  two  shows  an  increase  in  kill 
probability  due  to  target  uncertainty  at  ranges  of  2000  feet 
and  2500  feet  for  a  SIGB  of  6  mils. 

Figures  10,  11,  12,  and  13  show  kill  probability  for 
the  non-maneuvering  and  average  maneuvering  target.  Each 
figure  shows  the  kill  probability  for  a  particular  SIGB 
(standard  deviation  in  ballistic  dispersion)  and  the  BD 
equivalent  (diameter  of  circle  containing  80  percent  of 
rounds ) . 

The  graphs  were  constructed  by  averaging  the  kill 
probabilities  of  the  four  angles-off  considered  in  the 
study  (0°,  15° ,  3°°t  45°).  Each  angle-off  was  weighted 
equally  in  calculating  the  average.  The  kill  probabilities 
as  a  function  of  angle-off  can  be  found  in  Appendix  C. 

The  results  in  Appendix  C  show  how  dependent  the  value 
of  kill. probability  is  on  angle-off.  One  is  tempted  to 
not  consider  30  degrees  and  45  degrees  in  combining  kill 
probability,  since  pilots  try  to  avoid  having  to  fire 
with  high  angle-off.  However,  there  is  evidence  to  sug¬ 
gest  that  in  combat  these  angles-off  occur 
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Figure  11  shows  the  kill  probability  for  an  80  percent 
ballistic  dispersion  (BD)  of  approximately  3*6  mils  diameter. 
The  greater  lethality  of  gun  two  is  clearly  displayed, 

■Whereas  percentage  decrease'  in  kill  probability,  Table  VIII, 
shows  the  effect  of  differences  in  muzzle  velocity  and 
ballistic  drag  coefficient  between  the  two  "guns,  Figure  11 
shows  the  effect  of  the  target  having  a  greater  vulnerability 
to  gun  two  than  to  gun  one.  This  vast  difference  in  lethality 
between  the  guns  is  the  primary  reason  that  the  total  number 
of  hits  was  not  used  to  measure  the  effect  of  target  uncer¬ 
tainty  in  air-to-air  gunnery.  At  ranges  of  1000  feet  and 
less  both  guns  produce  an  equal  number  of  hits  on  the  target. 

By  comparing  Figure  11  with  Figure  12,  the  importance 

i 

of  ballistic  dispersion  on  the  effectiveness  of  air-to-air 
cannons  is  seen.  At  1200  feet,  Gun  one  with  7,3  mils 
ballistic  dispersion  shows  a  50  percent  higher  kill  probabil- 
ity  against  a  non-maneuvering  target  and  40  percent  higher 
kill  probability  against  an  average  maneuvering  target  than 
it  dees  for  3*6  mils  dispersion.  Gun  two  shows  a  greater 
percentage  decrease  for  target  uncertainty  at  BD  =  7.3  mils 
than  for  BD  =  3.6  mils?  however,  the  kill  probability  remains 
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Figure  11  shows  the  kill  probability  for  an  80  percent 
ballistic  dispersion  (BD)  of  approximately  3*6  mils  diameter. 
The  greater  lethality  of  gun  two  is  clearly  displayed, 

■Whereas  percentage  decrease'  in-  kill  probability,  Table  VIII, 
shows  the  effect  of  differences  in  muzzle  velocity  and 
ballistic  drag  coefficient  between  the  two ‘guns,  Figure  11 
shows  the  effect  of  the  target  having  a  greater  vulnerability 
to  gun  two  than  to  gun  one.  This  vast  difference  in  lethality 
between  the  guns  is  the  primary  reason  that  the  total  number 
of  hits  was  not  used  to  measure  the  effect  of  target  uncer¬ 
tainty  in  air-to-air  gunnery.  At  ranges  of  1000  feet  and 
less  both  guns  produce  an  equal  number  of  hits  on  the  target. 
By  comparing  Figure  11  with  Figure  12,  the  importance 

i 

of  ballistic  dispersion  on  the  effectiveness  of  air-to-air 

cannons  is  seen.  At  1200  feet,  Gun  one  with  7,3  mils 

■  /  • 
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ballistic  dispersion  shows  a  50  percent  higher  kill  probabil- 
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ity  against  a  non-maneuvering  target  and  40  percent  higher 
kill  probability  against  an  average  maneuvering  target  than 
it  does  for  3*6  mils  dispersion.  Gun  two  shows  a  greater 
percentage  decrease  for  target  uncertainty  at  BD  =  7»3  mils 
than  for  BD  =  3*6  milsi  however,  the  kill  probability  remains 
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higher  at  all  ranges  for  the  larger  dispersion. 

A  further  effect  of  ballistic  dispersion  can  be  seen  by 
comparing  Figure  13  with  Figure  12.  The  smaller  dispersion 
of  Figure  12  (BD  =  7.3  mils)  shows  a  higher  kill  probability 
against  a  non-maneuvering  target.  However,  the  kill  probabil¬ 
ity  for  an  average  maneuvering  target  is  approximately  the 
same  for  both  dispersions.  At  certain  ranges  the  larger 
dispersion,  Figure  ■  13  (BD  =  10.9  mils),  shows  a  greater 
kill  probability  for  an  average  maneuvering  target  than  for 
a  non-maneuvering  target.  This  anomaly  results  from  the 
increase  in  presented  area  as  the  target  maneuvers,  but  has 
yet  to  escape  the  central  or  high  density  portion  of  the  fire 
pattern. 

Comparing  Figure  14  '(BD  =  14.5  mils)  with  Figure  13 
(BD  =  10,9  mils),  it  can  be  seen  that  any  additional  in¬ 
crease  in  ballistic  dispersion  will  cause  the  kill  probabil¬ 
ity  to  decrease.  Except  for  very  short  ranges,  the  results 
for  BD  =  10.9  mils  are  higher  than  for  BE  =  14,5  mils  for 
both  guns  and  both  the  average  maneuvering  and  non-maneu¬ 
vering  target. 

If  Figure  14  (BD  =  14,5  mils)  is  compared  with  Figure 
11  (BD  -  3,6  mils)  the  effectiveness  of  large  dispersions  at 
short  ranges  can  be  seen.  It  should  also  be  noted  that  at 
long  gun.  ranges  a  smaller  dispersion  produces  a  higher  kill 
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Figure  12  Kill  Probability  for  Non-Maneuvering 
and  Average  Maneuvering  Target. 


BD  =  7.3  mils. 
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probability  against  a  non-maneuvering  target  than  a  large 

dispersion  does.  This  is  more  obvious  if  one  compares  the 

results  for  SIGB  =  2  mils  and  SIC-B  =  8  mils  for  gun  one 

against  a  non-maneuvering  target,  which  can  be  found  in 

Appendix  C,  3oth  dispersions  show  a  low  kill  probability  at 

long  ranges?  however,  the  kill  probability  they  do  have  is 

due  to  different  factors.  The  small  dispersion  creates  an 

aiming  problem  and  the  large  dispersion  creates  a  projectile 

density  problem  against  a  non-maneuvering  target.  This  can 

be  verified  by  comparing  the  results  for  the  break  maneuver- 

•  *  ing  target.  The  larger  dispersion  has  a  greater  kill  prob- 

O  ability  for  a  maneuvering  target,  which  is  the  reverse  of 

‘ 

the  results  for  the  non-maneuvering  target,  These  points 
suggest  that  (1)  the  ballistic  dispersion  should  be 
optimised  for  the  range  at  which  the  gun  is  most  likely  to 
be  used,  and  (2)  the  optimum  ballistic  dispersion  is 
dependent  upon  the  sight  system  and  pilot  proficiency  at 
aiming  the  gun  with  it. 

A  further  look  at  Figure  14  shows  that  at  long  gun 
ranges  (greater  than  2000  feet  where  projectile  flight  time 
is  on  the  order  of  one  second)  a  maneuvering  target  decreases 
the  kill  probability  even  for  large  ballistic  dispersions. 
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Figure  13  Kill  Probability  for  Non-Maneuvering 
and  Average  Maneuvering  Target. 

.  BD  =  10,9  mils. 
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"Optimum"  Ballistic  Dispersion 

Figure  15  shows  the  overall  average  kill  probability  for 
gun  one  and  gun  two  against  the  average  maneuvering  and  non- 
maneuvering  target  for  various  ballistic  dispersions.  The 
overall  average  is  the  average  kill  probability  for  all  four 
angle-offs  (0°,  15°,30°«  45°)  and  ail  six  ranges  (500  ft, 

1000  ft,  1500  ft,  2000  ft,  2500  ft,  3000  ft). 

Against-  a  non-maneuvering  target,  shown  by  the  solid 
line,  the  highest  overall  average  kill  probability  for  both 
gun  one  and  gun  two  is  achieved  at  a  ballistic  dispersion 
of  approximately  seven  mils  (SIGB  =  4  mils). 

Against  an  average  maneuvering  target,  shown  by  the 
dashed  line,  the  highest  overall  average  kill  probability  is 
achieved  at  a  ballistic  dispersion  of  approximately  nine 
mils  (SIGB  =  5  mils)  for  gun  one,  and  at  a  ballistic  dis¬ 
persion  of  approximately  11  mils  (SIGB  =  6  mils)  for  gun  two. 

Perhaps  the  most  significant  phenomena  indicated  by 
the  curves  in  Figure  15  is  the  rapidity  with  which  the  kill 
probability  decreases  as  the  ballistic  dispersion  is  made 
smaller,  especially  for  gun  two.  That  the  kill  probability 
decreases  at  approximately  the  same  rate  for  both  the 
average  maneuvering  and  non-maneuvering  target  shows  the 
rapid  fall  in  kill  probability  to  be  an  aiming  problem. 

That  is,  the  projectile  density  is  very  high  within  the 
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Figure  15  "Optimum"  Ballistic  Dispersion 
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fire  pattern,  but  the  pattern  is  not  being  superimposed  on 
the  target  because  of  aiming  error. 

A  better  sight  system,  better  aircraft  dynamics,  and 
greater  pilot  proficiency  at  aiming  the  gun  (than  has  been 
mathematically  modeled)  will  improve  the  kill  probability 
for  small  ballistic  dispersions.  However,  there  is  another 
factor  which  must  be  considered,*  during  the  flight  times 
of  approximately  .8  seconds  or  longer,  a  maneuvering  target 
can  escape  the  fire  pattern  from  a  gun  which  has  a  small 
ballistic  dispersion. 

This  effect  of  tight  ballistic  dispersion  on  kill 

» 

probability  at  long  gun  range  can  be  seen  most  vividly  in 
Figure  11  for  gun  one,  where  the  decrease  in  kill  probability 
due  'to  target  uncertainty  is  significant  for  line  of  sight 
ranges  of  2000  feet  and  greater.  The  target  uncertainty 
problem  can  also  be  seen  by  comparing  the  kill  probability 
between  a  non-maneuvering  and  break  maneuvering  target  at 
SIGB  =  2  mils  for  gun  one  in  Appendix  C. 

A  check  was  made  of  the  ballistic  dispersion  for  the 
20-millimeter  Vulcan  cannon  installed  in  the  F-4e  aircraft. 
The  specifications  for  the  M-6l  Vulcan  cannon  v/hen  mounted 
on  a  test  firing  rig  is  that  80  percent  of  100  rounds  or 
more  will  be  within  an  eight  mil  diameter  circle.  The 
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center  of  the  80  percent  group  is  to  be  within  2.5  mils  in 
elevation. or  depression  and  4.75  mils  asimuth  of  the  true 
boresight  point  (Ref  8).  When  installed  in  the  F-4E  the 
maximum  allowable  dispersion  increases  to  a  10  mil  diameter 
circle  (Ref  6) . 

The  question  of  the  actual  dispersion  of  a  Vulcan  cannon 
was  posed  to  several  people  in  weapons  requirements  at  TAC 
Headquarters  (Ref  1).  The  ballistic  dispersion  of  a  20 -MM 
Vulcan  cannon  when  installed  in  aircraft  and  f.ired  on  a 
harmonization  range  is  approximately  four  mils  (SIGB  =  2  mils). 
According  to  the  calculations  of  this  analysis,  the  actual 
dispersion  is  too  small.  As  shown  in  Figure  15,  against 
an  average  maneuvering  air-to-air  target  a  ballistic 
dispersion  of  approximately  nine  mils  (SIGB  =  5  mils)  is 
indicated  as  being  optimum  for  gun  one  and  approximately 
11  mils  (SIGB  =  6  mils)  for  gun  two. 

Although  this  study  is  limited  to  air-to-air  gunnery, 
the  question  of  "optimum"  ballistic  dispersion  for  both 
air-to-air  and  air-to-ground  gunnery  is  quickly  brought 
up  when,  ballistic  dispersion  is  discussed.  For  low  angle 
air-to-ground  strafing,  everyone  questioned  agreed 
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that  a  tight  dispersion  is  desirable.  However,  low  angle 

strafing  at  slant  ranges  of  1000  feet  to  2000  feet  can  be 

disastrous  in  combat;  high  angle  strafing  at  slant  ranges 

of  3000  feet  to  4000  feet  is  preferable.  At  these  ranges, 

where  the  flight  time  of  the  projectile  is  one  secnd  or 

longer,  the  gravity  drop  of  the  projectile  and  the  difficulty 

in  aiming  the  gun  at  long  slant  ranges  suggest  that  the 

high  angle  strafing  problem  is  similar  to  firing  from  zero 

% 

degrees  angle-off  at  a  non-maneuvering  air-to-air  target. 

If  this  argument  is  accepted,  then  the  "optimum" 
ballistic  dispersion  for  high  angle  air-to-ground  strafing 
is  approximately  seven  mils  (SIGB  =  4  mils)  for  both  gun 
one  and  gun  two.  This  can  be  verified  by  considering  the 
kill  probability  for  various  ballistic  dispersions  against 
a  non-maneuvering  target  at  zero  degrees  angle-off  in 
Appendix  C.  That  is,  the  values  of  kill  probability  for 
a  non-maneuvering  target  at  zero  degrees  angle-off  are  higher 
in  Table  X  than  in  Tables  IX,  XI,  or  XII, 
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Effectiveness  of  Defensive  Maneuvers 

The  relative  effectiveness  of  the  jink,  hard  turn,  and 
break,  in  decreasing  kill  probability  during  projectile 
flight  time,  is  shown  in  Figures  16  and  17 .  Figure  16  shows 
the  effectiveness  of  the  maneuvers  as  a  function  of  angle- 
off  and  Figure  17  shows  the  effectiveness  of  the  maneuvers 
as  a  function  of  range. 

The  increase  in  kill  probability  for  the  jink  at  low 
angle-off,  as  shown  in  Figure  16,  occurs  because  this  maneuver 
shows  a  higher  kill  probability  than  a  non-maneuvering 
target  does  at  certain  ranges.  This  is  more  clearly  shown 
in  Figure  17 « 

Both  figures  show  the  break  to  be  the  most  effective 
maneuver  in  decreasing  kill  probability  during  the  flight 
time  of  the  projectile.  The  jink  is  probably  a  much  more 
effective  maneuver  than  is  indicated  in  these  Figures.  It 
is  especially  effective  in  destroying  an  attacking  pilot's 
aiming  solution  both  from  the  standpoint  of  the  sight's  lead 
angle  computation  and  from  the  standpoint  of  a  pilot's 
ability  to  aim  while  under  negative  g-loads. 

That  the  jink  maneuver  produces  a  higher  kill  probabil¬ 
ity  for  certain  ranges  (between  1000  feet  and  2500  feet  for 
gun  one)  at  angles-off  of  less  than  10°  is  due  to  greater 
presented  vulnerable  area  as  the  target  rotates  in  the 
vertical  plane  before  maneuvering  out  of  the  central  part  of 
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Figure  16  Relative  Effectiveness  of  Defensive 
Maneuvers  against  Gun  One 


the  fire  pattern. 

Best  Attack  Parameters 

'  The  "optimum"  parameters  for  shooting  at  an  aerial 
target  are  shown  in  Figures  18  and  19.  Figure  18  shows 
the  angle-off  and  line  of  sight  range  combination  v/hich 
produces  the  highest  kill  probability  against  a  non-maneu 
vering  target.  Figure  19  show's  the  same  for  the  average 
maneuvering  target.  Both  Figures  are  for  gun  one  with  a 
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non-maneuvering 

jink 


hard  turn 


break 


SIGB  =  4  mils 

Ranges  500',  1000',  1500*,  2000* ,  2500' ,  3000' 


Angle-off  (deg) 


Figure  1?  Relative  Effectiveness  of  Defensive 
Maneuvers  against  Gun  One 

ballistic  dispersion  of  approximately  seven  mils  (SIGB  = 

4  mils ) . 

A  close  check  of  both  curves  shows  that  the  effect  of 
target  maneuvering  is  to  decrease  the  range  at  which  the 
"optimum"  angle-off  for  firing  occurs.  Again,  it  is  only 
noticeable  for  ranges  greater  than  2000  feet  (time  of  flight 
approximately  ,8  sec,  and  greater). 

The  dashed  line  shows  the  region  for  snapshooting  and 
the  solid  line  shows  the  region  for  trackshooting.  The 
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double-dash  line  shows  the  "optimum"  firing  parameters. 

It  should  be  noticed  that  the  "optimum"  line  was  not 
drawn  through  the  peaks  of  the  curves  for  the  various  angles 
off.  The  reason  is  that  a  peak  represents  5*6  g*s  or  the 
crossover  between  trackshoot  aiming  and  snapshoot  aiming. 
That  is,  each  peak  is  a  so-called  "square  corner"  of  air-to- 
air  gunnery; 


.200 


SIGB  =  4  mils 
Trackshoot  - 
Snapshoot  — 


50 

Range  ( ft ) 


Figure  18  "Optimum"  Angle-off  versus  Line  of 
Sight  Range  for  Gun  One  against 
Non-maneuvering  Target. 


Kill  Probability  (PK) 
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GAW/MC/72-9  : 

V.  Conclusions 

1*  Uncertainty  in  a  target's  position  and  attitude  due  to 
defensive  maneuvering  during  projectile  flight  time  in 
air-to-air  gunnery  significantly  decreases  kill  probabil 
ity  when  the  time  of  flight  is  greater  than  .8  seconds. 
Target  uncertainty  has  no  effect  on  kill  probability 
when  the  time  of  flight  is  less  than  .5  seconds. 

2.  To  the  degree  that  actual  air-to-air  gunnery  was 

modeled,  the  results  of  this  study  show  the  "optimum" 
ballistic  dispersion  for  rapid  firing  cannons  in  air-to- 
air  gunnery  to  be  such  that  80%  of  rounds  fired  should 
fall  within  a  circle  of  approximately  nine  to  ten  mils 
diameter  when  the  installed  gun  is  harmonized.  No 
analysis  was  conducted  to  determine  the  effect  of  bias 
in  gun  alignment. 
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Appendix  A 

This  section  contains  the  development  of  selected 
topics  for  the  mathematical  model. 

Souare  Approximation  to  Circular  Dispersion 

The  approximation  is  made  by  representing  probability 
as  the  area  under  a  surface,  v/here  the  height  of  the  sur¬ 
face  is  specified  by  the  density  distribution  (Ref  5)» 

For  the  same  density  distribution,  d,  the  differential  area 
of  a  square  equivalent  to  the  differential  area  of  a  circle 
is  found  by  equating  probability. 

b2«d  ~  £  D2  (27) 

where  b  is  a  side  of  the  incremental  square  and  D  is  the 
diameter  of  the  circle.  The  diameter  of  interest  is 'for  a 
circle  which  contains  80  percent  of  the  projectiles,  wnic^i 
is  by  definition  ballistic  dispersion  (BD). 

For  a  Gaussian  circular  distribution,  80  percent  of 
the  distribution  is  within  1,825  standard  deviations  of  the 
mean.  Letting  SIGB  represent  one  standard  deviation  in 
projectile  density,  the  ballistic  dispersion  is 

BD  =  1.825  SIGB.  (28) 
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Substituting  for  D  in  equation  27,  with  BD  from  equation 
28,  the  side  of  the  square  which  contains  80  percent  of  the 
distribution  is  approximated. 

b  =  1.6  SIGB  (29) 


The  half  width  of  a  square  fire  pattern  (HWP)  needed 
to  encompass  80  percent  of  the  rounds  as  a  function  of 
range  is 


HWP  = 


1.6  SIGB  *R3 
1000 


(30) 


and  the  half  width  of  a  square  pattern  needed  to  encompass 
the  remaining  20  percent  of  the  rounds  is  approximately 


uWp  -  (1.6)2SIGB-RB 
HWP  1000 


(3D 


Referring  to  Figure  7,  it  can  be  seen  that  through  the 
small  surface  the  probability  density  is 

.6875  +  1/3(0125)  =  .79  =  .8  (32) 

and  through  the  large  surface. 


2/3  ( .3125)  =  .21  =  .2 


(33) 
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Part  Coverage 

Figure  20  shows  partial  part  coverage  by  the  fire 
pattern.  The  probable  number  of  hits  on  the  part  (CUHIT) 
is  calculated  according  to  the  following  equation. 


CUHIT  =  SAR  *  COV  *PNR • DPD ( IPD )  (3*0 


SAR  is  the  ratio  of  area  between  the  part  and  the 
pattern. 


POW  =  or  1.0  whichever  less 
PHT 

FOL  =  nr:??:  or  1.0  whichever  less 


SAR  =  POW* POL 


(35) 


COV  is  the  ratio  of  the  part  which  is  covered  by  the 
pattern 


OSC  = 


1  OSCR 

2  PHW 


0$LC  = 


1  OSLCR 
2.  PHL 


COV  =  OSC* OSLO 


(36) 


The  probable  number  of  rounds  is  given  by  equation  19  for 
trackshooting  and  by  the  following  equation  for  snapshooting, 
where  a  uniform  density  of  fire  along  the  fire  line  is  as¬ 
sumed 

PNR  =  .01  FR'DOB  (37) 
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Figure  Z'O  Partial  Coverage  of  Part 
by  Fire  Pattern 


i| 


o 
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Draws 

Four  drav/s  are  used  to  average  the  locus  of  the  project¬ 
iles  in  the  vicinity  of  the  target.  The  upper' drawing  in 
Figure  21  shows  how  the  projectile  flight  path  is  broken 
into  two  component  flight  paths.  One  component  is  in  the 
horizontal  plane  (side-rearview  aspect)  and  the  other  in  the 
vertical  plane  (top-rearview  aspect).  This  is  necessary, 
because  methods  of  calculating  vulnerable  area  for  other  than 
a  few  aspects  have  not  yet  been  developed. 

The  lower  drawing  in  Figure  21  shows  that  from  each 
aspect  two  draw  directions  are  used .  One  draw  is  parallel  to 
the  FRL  and  the  other  is  perpendicular.  Each  draw  is  given 
a  numerical  designator  as  shown  in  the  drawing.  The  reason 
the  -fire  line  is  oriented  in  two  directions  for  each  aspect 
is  to  produce  an  average  kill  probability.  Each  draw  is 
weighted  equally  since  the  roll  attitude  of  the  target  at 
the  instant  of  projectile  impact  is  very  unpredictable.  The 
predicted  projectile  impact  angle  (LAM)  is  taken  to  be  equal 
in  both  the  vertical  plane  and  horizontal  plane. 

Figure  22  shows  how  the  part  number  and  draw  number 
determine  the  area  of  a  target  part  presented  to  an  impact¬ 
ing  projectile. 
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Figure  21  Draws  of  Fire  Line 


Lt(l,l)  =  4c os (LAM)  +  40sin(LAM) 


draw  number 
part  number 


Y 

4 


projectiles 


x 


HWT{1,2)  =  2 


Figure  22  Half  width  Target  (HWT)  and 
Length  of  Target  (LT) 
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Appendix  B 

This  section  contains  the  development  of  the  equations 
used  to  calculate  the  displacement  and  change  in  attitude  of 
the  target  during  the  flight  time  of  the  projectile. 

Target  Uncertainty  Model 

Figure  23  shows  the  acceleration  forces  acting  on  a 
maneuvering  aircraft  flying  at  constant  velocity.  The 
kinematic  radial  acceleration  (RA)  is  equal  to  the  g-loading 
read  by  the  pilot  on  the  accelerometer  minus  the  gravity 
component  along  the  instantaneous  radius  of  turn. 

RA  =  32.2  (GLF  -  cos (gamma) cos (phi  »  an 

where,  GLF  is  the  g-load  factor  read  by  the  pilot,  phi  is 
bank  angle  and  gamma  is  flight  path  angle. 

The  displacement  of  the  target  is  approximated  by 
dividing  the  flight  time  into  100  time  increments.  The 
instantaneous  radial  acceleration  is  assumed  to  be  constant 
in  both,  magnitude  and  direction  for  the  duration  of  each 
increment.  The  lateral  and  vertical  displacements  of  the 

1 

maneuvering  target  is  approximated  by  summing  the  incremental 
displacements  over  each  of  the  time  increments.  The  model 
calculates  the  displacement  by  updating  the  magnitude  and 
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direction  of  the  acceleration  and  velocity  components  at  the 
end  of  each  time  increment. 

Since  the  roll  rate  of  the  maneuvering  aircraft  is  much 
greater  than  the  pitch  rate,  and  because  the  coordinate 
system  is  such  that  the  initial  flight  path  angle  is  always 
zero,  the  direction  of  the  radial  acceleration  can  be  ap¬ 
proximated  by  using  only  the  bank  angle.  Figure  24  shows 
the  instantaneous  components  of  radial  acceleration  in  the 
Y  and  Z  directions. 

The  displacement  of  the  target  during  each  time  incre¬ 
ment  (DELTF)  is  the  sum  of  the  displacements  caused  by  the 
acceleration  components,  during  the  present  time  increment 
and  the  displacement  due  to  the  velocity  components  from 
acceleration  during  the  previous  time  increment.  The  lateral 
displacement  (YDIS)  is  the  sum  of  the  incremental  displace¬ 
ments  (DELYDIS)  and  the  vertical  displacement  (ZDIS)  is 
the  sum  of  the  incremental  displacements  (DELZDIS). 


DELYDIS 

-  RA*sin(PHI)* (DELTF)2  +  DELV ‘DELTF 

2 

(38) 

DELZDIS 

=  RA* COS (PHI)* (DELTF)2  +  DELW* DELTF 

2 

(39) 

where , 

DELV  =  RA*sin( PHI* DELTF 

('to) 

and 

DELW  =  RA* cos (PHI)* DELTF 

(41) 

are  the  velocity  components  due  to  acceleration  during  the 
previous  time  increment. 
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Appendix  C 

Presented  in  this  appendix  are  the  kill  probabilities 
calculated  by  the  mathematical  model. 
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Table  IX 

Kill  Probabilities  for  Gun  1,  SIGB  =  2  mils 
Non-Maneuvering 


PHIDOT  =  0 
GI.FDOT  =  0 


Range 

0° 

15° 

30° 

45° 

500 

.321 

.120 

.049 

.031 

1000 

.120 

.190 

.088 

.046 

1500 

.056 

.126 

.114 

.068 

2000 

.030 

.078 

.126 

.102 

2500 

.019 

.051 

.092 

.106 

3000 

'  - 

.034 

.067 

.099 

_  -  Jink  Hard  Turn  Break 

0 _ 

PHIDOT  =  0  PHIDOT  =  45°/sec  PHIDOT  =  90°/sec 


GLFDOT  =  - 

■2  g/s 

ec 

GLFDOT  =  l 

g/ sec 

GLFDOT  =  6 

g/sec 

OO 

15° 

300 

li<G 

■>.  - 

OO 

15° 

30u 

450 

0^ 

15u 

300 

450 

.321 

.120 

.049 

.031 

.325 

.120 

.049 

.031 

.325 

.119 

ToW 

.030 

.152 

.187 

.087 

,  046 

.126 

.188 

.08? 

.045 

.125 

.182 

.085 

.044 

.099 

.122 

.112 

.069 

.061 

.122 

.109 

.063 

.064 

.112 

.102 

.059 

.079 

.070 

.119 

.103 

.036 

.068 

.106 

.090 

.008 

.024 

.051 

.059 

.062 

.037 

.073 

.104 

.004 

.012 

.039 

.064 

— 

- 

- 

.003 

.013 

.034 

.076 

- 

■  - 

- 

.003 

- 

- 

- 

- 

Average 

Maneuvering 


Range 

- qV~ 

15° 

To77- 

45° 

500 

.323 

.120 

.049 

.031 

1000 

.134 

.186 

.086 

.045 

1500 

.074 

.117 

.10? 

.064 

2000 

.041 

.054 

.092 

,084 

2500 

.022 

.016 

.037 

.057 

3000 

.004 

.004 

.011 

.026 
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Table  X 

Kill  Probabilities  for  Gun  1,  SIGB  =  4  mils 
Non-Maneuvering 


PHIDOT  =  0 
GLFDOT  =  0 

Range  0°  15^  30°  "  4 5^ 

500  74o3  T204  To94  7q58 

1000  .136  .247  .151  .089 

1500  .064  .152  .161  .123 

2000  .037  .093  .158  .153 

2500  .024  .060  .115  .142 

3000  .016  .041  .082  .126 


Jink 


Hard  Turn 


Break 


PHIDOT 

GLFDOT 


-  -2  s/sec 


5 

0  .08 
6  .12 
5 


T 

GLFDOT 


0 


/sec 
4  g/sec 


PHIDOT  =  90u/sec 
GLFDOT  =  6  g/sec 


150  3QU  4 


4  .094  .05 
3  .148  .08 
2  .133  .09 


Average 

Maneuvering 


Jange 

0^ 

15° 

30u 

450 

500 

.468 

.204 

.095“ 

T05F 

1000 

.154 

.245 

.150 

,087 

1500 

.079 

.133 

.148 

.111 

2000 

.043 

.064 

,118 

.119 

2500 

.024 

.024 

.053 

.078 

3000 

.007 

.006 

.016 

msm 

rm  i¥~ ffc rt 
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^  Table  XI 

Kill  Probabilities  for  Gun  1,  SIGB  =  6  mils 


/ 

Non-Maneuvering 


PHIDOT  '=  0 
GLFDOT  =  0  . 


Range 

oo 

160 

30° 

A  50 

500 

.358 

.234 

.125 

.080 

1000 

.104 

.218 

.149 

.103 

1500 

.046 

.121 

.141  . 

.112 

2000 

.025 

.069 

.130 

.132 

2500 

.015 

.042 

.088 

.119 

3000 

.010 

.027 

-j052- 

.098 

Jink 


Hard  Turn'" 


Break 


PHIDOT  =  0  PHIDOT  =  45% ec  PHIDOT  ~=  90%ec 

GLFDOT  =  -2  g/sec  GLFDOT  =  4  g/ sec  GLFDOT  =  6  g/sec 


oo 

30° 

Ll  50 

o^r- 

15° 

30° 

45u 

0° 

15° 

300 

45° 

.3  9 

I2W 

.125 

.080 

.362 

.235 

.125 

.080 

.365 

.235 

,126 

.079 

.140 

.21 6 

.147 

.103 

.112 

.221 

.152 

.103 

.116 

.222 

.153 

.102 

.091 

.116 

.137 

.111 

.055 

.126 

.147 

.111 

.059 

.124 

.146 

.110 

.076 

.062 

,120 

.130 

.034 

.072 

.133 

.126 

.018 

.041 

.101 

.110 

.062 

.033 

.070 

.114 

.010 

.023 

.068 

.099 

.002 

.006 

.026 

.044 

.016 

.01^ 

.033 

.079 

.001 

^001. 

.018 

.032 

- 

- 

- 

.001 

Average 

Maneuvering 


Range 

0° 

156 

30^ 

—H5t5 

500 

.362 

.234 

.125 

.080 

1000 

.112 

.218 

.150 

.103 

1500 

.068 

.122 

.143 

.110 

2000 

.034 

.058 

.118 

-.120 

2500 

.024 

.021 

.054 

.085 

30u0 

.005 

.005 

.017 

.037 

O 


I 
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Table  XII  . 

Kill  Probabilities  for  Gun  1,  SIGB  =  8  mils 
Non-Maneuvering 


PHI DOT  =  0 
GLFDOT  =  0 


Ranee 

0° 

15° 

30u 

ii  5b 

500 

.281 

.210 

.132 

.094 

1000 

.080 

*182 

.137 

.095 

1500, 

.036 

.095 

.123 

.103 

2000 

.019 

.054 

.10? 

.116 

2500 

.012 

.033 

.070 

.101 

3000 

.008 

.021 

.046 

.080 

Jink 


PHIDOT  =  0 
GLFDOT  =  -2  e/sec 
q°  15O  3qo  ijcfi 


Not 

Calculated 


Hard 

Turn 

PHIDOT  =  45°/sec 

GLFDOT  =  4 

e/sec 

0° 

15^ 

30u 

.285 

.211 

.132 

.094 

.085 

.186 

.189 

.098 

.041 

.098 

.188 

.102 

.023 

.051 

.107 

.108 

.015 

.029 

.065 

.084 

.004 

.008 

.019 

.043 

Break 


"PHIDOT  =  90°/sec 
GLFDOT  =  6  g/sec 
0°  15^  30^  45^ 

.287  .212  .133  .094 
.087  .186  .140  .098 
.041  .094  .126  .098 
.025  .051  .102  .098 
.008  .016  .033  .047 
-  .003  .005 


Average 

Maneuvering: 


Ranee 

"  6° 

15° 

30° 

*"45° 

500 

,286 

.211 

.132 

.094 

1000 

.086 

.186 

.139 

.098 

1500 

.041 

.096 

.127 

.100 

2000 

.024 

.051 

.104 

.103 

2500 

.022 

.022 

.049 

.065 

3000 

.002 

.004 

.011 

.024 

O 
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Table  XIII 

Kill  Probabilities  for  Gun  2,  SIGB  =  2  mils 
Non-Maneuvering 


PHIDOT  =  0 
GLFDOT  =  O' 


Range 

- 

^3^ 

“10° 

"Zi'50 

500 

.592 

.377 

.159 

.090 

1000 

.292 

.461 

.235 

.129 

1500 

.188 

.356 

.343 

.169 

2000 

.122 

.259 

.306 

.233 

2500 

.084 

.210 

.2  66 

.224 

3000 

.06? 

.173 

.222 

.238 

Jink 


PHIDOT  =  0 

2  g/s 

GLFDOT  =  - 

ec 

0°- 

15° 

mm 

mm 

.593 

.377 

.159 

.090 

.299 

.460 

.235 

.129 

.203 

.350 

.342 

.169 

.147 

;257 

.305 

.233 

.121 

.210 

.269 

.231 

.109 

.171 

.237 

.227 

Hard 

Turn 

PHIDOT  =  4 

5°/sec 

GLFDOT  =  4 

g/ sec 

00 

15^ 

30° 

^5° 

.595 

.377 

.159 

.090 

.297 

.461 

.235 

.128 

.196 

.3^4 

.333 

.163 

.137 

.249 

.288 

.219 

.108 

.236 

.  086 

.155 

.195 

.192 

Break 


PHIDOT  =  9  0  ® / sec 

GLFDOT  =  6 

g/sec 

00 

15° 

30° 

^5° 

7596“ 

.377 

.159 

.090 

.295 

.^55 

.233 

.127 

.187 

.303 

.310 

.156 

.145 

.233 

.262 

.208 

.117 

.178 

.208 

.176' 

.02  6 

.070 

.103 

.127 

Average 


Maneuvering 


Range 

0U 

15° 

30^' 

— 

500 

".597 

.377 

.159 

.090 

1000 

.297 

.458 

.235 

.128 

1500 

.195 

.332 

.328 

.163 

2000 

.143 

.246 

.285 

.220 

2500 

.115 

.196 

.237 

.205 

3000 

.073 

.132 

.187 

.182 
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Table  XIV 

Kill  Probabilities  for  Gun  2,  SIGB  =  4  mils 


Non-Maneuvering 


PH  I  DOT  =  0 
GLFDOT  =  0 • 

Range  0°  15°  30°  ^5g 

500  r?29  392  7296  TTtS 

1000  .449  .640  .402  .247 

1500  .264  .546  .517  .300 

2000  .168  .428  .469  .378 

2500  .116  .329  .422  .350 

3000  .085  .256  .358  .359 


Jink 


Hard  Turn 


Break 


PHID0T  =  0 
GLFDOT  =  -2  g/sec 

13  30°  33 

7731  .591  .296  .174 
.468  .638  ,402  .247 
.299  .541  .514  .300 
.215  .418  ,463  .3 77 
.164  .310  .408  .346 
.121  .218  .323  .339 


PHI DOT  =4 
GLFDOT  =  4 
0°  15°“ 

7730  .5^2 
,462  .640 
,283  .546 
.182  .413 
.108  .272 
.065  .167 


PTsec  PHIDOT  =  90°/sec 
g/sec  GLFDOT  =  6  g/sec 
30°  45O  0°  3d  33  450 

.296  .174  .731  .592  .296  .174 

.402  .246  .465  .638  .399  .244 

.515  .294  .278  .532  .503  .285 

.454  .363  .145  .345  .396  .322 

.363  .305  .094  .213  .292  .2^7 

.2^7  .254  .072  .144  .193  .208 


Average 

_ Maneuvering  _ 

Range  3  13  33  4*3 

500  7731  7592  r296  7TW 

1000  .465  .639  .401  .246 

1500  .286  ,540  .510  .293 

2000  ,180  .392  ,437  .354 

2500  .122  .265  .354  .299 

jom  .,086  ,176  .254  .267 
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0 

>  Table  XV 

Kill  Probabilities  for  Gun  2,  SIGB  =  6  mils 


Non-Maneuvering 


PHIDOT  =  0 
GLFDOT  =  0  ■ 


Range 

0U 

15u 

30°  * 

— ZTs° — 

500 

.779 

.678 

.386 

.235 

1000 

.38? 

.668 

.430 

.289 

1500 

.203 

.520 

.50? 

.303 

2000 

.121 

.365 

.443 

.353 

2500 

.078 

.262 

.373 

.315 

3000 

.055 

.197 

.294 

_  *  317_ 

* 


Jink 


Hard  Turn 


Break 


PHIDOT  =  C 

■2  r-/S 

GLFDOT  =  - 

ec 

0°. 

330 

30° 

4<0" 

.782 

7678" 

.  >36 

.235 

.407 

,666 

.429 

.289 

.233 

.514 

.504 

.302 

.156 

.•356 

.437 

.352 

.117 

.248 

.363 

.313 

.095 

.282 

0.10 

PHIDOT  =  u 

5°/s< 

5C 

GLFDOT  =  4 

ar/sec 

OO 

15° 

306 

.783 

.670 

.234 

.404 

.671 

.432 

.288 

.230 

.530 

.511 

.302 

.152 

.380 

.446 

.353 

.112 

.280 

.375 

.309 

.089 

.210 

.296 

.299 

PHIDOT  =  90u/sec 

GLFDOT  =  6 

aysec 

0^ 

300 

450 

7787" 

.879 

.336 

7737 

.413 

.672 

.433 

.288 

.243 

.531 

.510 

.302 

.168 

.388 

.439 

.348 

.129 

.278 

.360 

.295 

.053 

.126 

.218 

.260 

Average 

Maneuvering 


Range 

00 

15° 

500 

”.783  ' 

.679 

.386 

.234 

1000 

.408 

.583 

.431 

.288 

1500 

.235 

.525 

.508 

.302 

2000 

.158 

.374 

.441 

.351 

2500 

.119 

.268 

.363 

.305 

3000 

.079 

.170 

.265 

.291 

O 
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O 

Table  XVI 


Kill  Probabilities  for  Gun  2,  SIGB  =  8  mils 
Non-Maneuvering 


PHIDOT  = 
GLFDOT  = 

0  0 

Range 

0^> 

T5U 

300 

— 45° — 

500 

•  7  56 

.666 

,4 11 

.274 

1000 

.324 

.654 

.413 

.29? 

1500 

.163 

.468 

.479 

.287 

2000 

.09  6 

.314 

.405 

•  332 

2500 

.062 

.216 

.325 

.284 

3000 

.043 

.155 

.249 

.279 

Jink 


PHIDOT  =  0 
GLFDOT  =  -2  g/sec 
0U  16°  30u  45^ 

Not 

Calculated 


Hard  Turn 


PHIDOT  = 

45°/sec 

GLFDOT  = 

4  g/sec 

00 

15° 

'  30° 

TT^y 

TtScT 

.667 

.411  . 

277 

.340 

.659 

.415  . 

? 

.184 

.476 

.483 

■? 

.118 

.323 

.408 

? 

.083 

.223 

.324 

? 

.060 

.152 

.232 

? 

Break 


PKIDC 

T  = 

90°/s( 

3C 

GLFDO 

T  = 

6  g/sec 

0° 

15° 

30° 

4  50 

7762 

7668 

.411 

7277 

.347 

,650 

.415 

.297 

.192 

.476 

.481 

.283 

.122 

.315 

.398 

? 

.087 

.211 

.303 

? 

.071 

ilil 

.224 

? 

Average 

Maneuvering 

Range 

0° 

15^ 

300 

""'4  5° 

500 

'".761 

"“.667 

.4li 

.274 

1000 

.343 

.659 

.415 

.29  7 

1500 

.188 

.476 

.482 

.283 

2000 

.120 

.319 

.403 

0 

2500 

.085 

.21? 

.314 

? 

3000 

.065 

.152 

.228 

? 
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PROGRAM  GDMOD 
(pain  program) 


! 

GAW/MC/72-9 


SUBROUTINE  BTRI  • 
(ballistic  triangle) 


.  Line  of  sight  range 
Line  of  sight  angle-off 
Attacker  velocity 
Target  velocity 

Exponential  ballistic  drag  factor 
Total  initial  projectile  velocity 
Pressure  altitude 


Ballistic  range 

Average  projectile  velocity 

Time  of  flight 

Absolute  projectile  velocity 
Predicted  lead  angle 
Predicted  impact  angle 

Projectile  velocity  relative  to  target  at  impact 
Tracking  load  capability  of  attacker 
Attacker  load  factor 


R 


ML 


ML 


y m 


AT.PHA 


IKL 


IPAT/l 


_RIL 


UBAR 


TP 


^  UP 


DELTA 


LAM 


USK 


TLC 


GLFT 


Figure  2 6  Flow  Between  Main  Program  and 
Ballistic  Triangle  Subroutine 
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PROGRAM-  GDMOD  PROGRAM  GDMOD 

main  program)  (main  program) 


GAW/MC/72-9 


SUBROUTINE  TGUNCTY 
(Target  Uncertainty) 


Velocity  of  target 

Time  of  flight  of  projectile 


IS 


PRESGA 


Displacement  of  target  in  Y  direction 
Displacement  of  target  in  Z  direction 
Pitch  angle  of  target  due  to  maneuvering 
during  flight  time  of  projectile 


OUTPUT 


Figure  27  Flow  Between  Main  Program  and 
Target  Uncertainty  Subroutine 


SUBROUTINE  TGTPTS 
(target  parts) 


Projectile  impact  angle 


Half-wide  of  target  part 
Length  of  target  part 
Location  of  center  of  target  part  in 
width  direction  from  center  of  target. 
Location  of  center  of  target  part  in 
length  direction  from  center  of  target. 


Figure  28  Flow  Between  Main  Program  and 
Target  Parts  Subroutine 


r»j 
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Part  Coverage  Subroutine 


SUBROUTINE  VAREA 
(vulnerable  area) 


1  Figure  30  Information  provided  to  main 

program  by  vulnerable  area  subroutine. 
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Appendix  E 

This  section  contains  the  program  listing  for  the 
mathematical  model.  The  computer  processing  time  is  ap¬ 
proximately  500  seconds  per  maneuver  on  a  CDC  6600  and  the 
printed  output  is  approximately  500  pages.  If  the  Print  5» 
Print  6,  and  Print  7  cards  are  removed,  the  output  is  ap¬ 
proximately  100  pages  per  maneuver. 
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40  CONTINUE 

CALL  TGUNCTY ( VT , TF , YO IS , ZO IS , PRES G AM) 

INCREASE  IN  PROJECTILE  TNFACT  ANGLE  CLE  TO  MANEUVERING  TARGET 
TLAM=LAM+PRESGAM 
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